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“Many illustrations have beer offered, by those few persons of high authority who still 
maintain that acquired habits, such as the use or disuse of particular organs in the parents, 
admit of being hereditarily transmitted in a sufficient degree to notably affect the whole 
breed after many generations. Among these illustrations much stress has been laid on the 
diminishing size of the human jaw, in highly civilized peoples. It is urged that their food is 
better cooked and more toothsome than that of their ancestors, consequently the masticat- 
ing apparatus of the race has dwindled through disuse. The truth of the evidence on which 
this argument rests is questionable, because it is not at all certain that non-European races 
who have more powerful jaws than ourselves use them more than we do. A Chinaman lives, 
and has lived for centuries, on rice and spoon-meat, or such over-boiled diet as his chop- 
sticks can deal with. Equatorial Africans live to a great extent on bananas, or else on cassava 
.... It follows that the diminishing size of the human jaw in highly civilized people must 
be ascribed to other causes, such as those, whatever they may be, that reduce the weight of 
the whole skeleton in delicately nurtured animals.”’ 


The above paragraph is quoted from Hereditary Genius, Prefatory chapter, by 
Sir Francis Galton, 1892. Galton stood against inheritance of acquired traits even 
before the birth of modern genetics. Subsequent experiments dispelling the use- 
and-disuse theory have proved that acquired traits and abilities are not trans- 
mitted from parents to their descendants. With respect to this particular point, 
few biologists today disagree with Sir Francis. The purpose of quoting Galton, 
however, is not to reopen the obsolete issue of acquired inheritance but to discuss 
the attitude of scientists of that day, both pro and con, towards the “facts” 
upon which their whole argument centered. An examination of several facets in- 
volved in the simply stated story of the diminishing jaw may provide us with 
historical perspective and help us to see ourselves clearly and evaluate some of 
our current scientific thought objectively. 

At the outset we notice that the argument cited was not between laymen but 
between learned persons of high authority. From the context it is clear that both 
parties—those who maintained that acquired habits are hereditary and Sir Fran- 
cis who maintained that “bad nutrition of parents . . . has no effect on the natural 
faculties of the child’’—agree that the jaw of the “highly civilized’? Europeans 
was diminishing in size. They differed only in the interpretation of the fact which, 
in turn, depended upon the comprehensiveness of the scientist’s knowledge on 
the subject under consideration. Galton disagreed that soft diet was the cause 
for man’s diminished jaw. His extensive knowledge about the diet of other peoples 
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led him to cast serious doubt upon the use-and-disuse theory. [The ‘‘facts” cited 
by Galton are open to question. Approximately one-third of the Chinese popula- 
tion has never been on a rice diet. Chopsticks are used because the sight of a 
knife on the dining table is not considered “highly civilized” and food that needs 
to be cut is cut in the kitchen. The unleavened baked corn-pone that is staple 
food in North China is the hardest kind of food I know of. These points are, bow- 
ever, irrelevant to the aspect of the problem I shall discuss.] 

Unanimous acceptance of the diminishing jaw theory indicated that prominent 
biologists of that day were more interested in the interpretation of an assumed 
fact than questioning, studying, or establishing the fact itself. The size of the 
human jaw indeed varies from race to race as well as from individual to individ- 
ual and, in all probability, is partially controlled by genetic factors, much like 
other morphological and anthropological characteristics. To my knowledge, no 
one has been able to correlate the European jaw size with either European civili- 
zation or with European food. There is too much variation within the Europeans 
and within Africans and Asians. Well, then, what kind of convincing evidence 
did the scientists in the nineteenth century possess that led them to unanimous 
belief in the diminishing jaw? Did they have any evidence at all? Did they need 
any? 

' The decade of the 1890’s is not long past. Natural sciences made great advances 
in that period. Many discoveries and ideas in nuclear physics were initiated in 
the last few years of the nineteenth century. To mention a few: Réntgen (1895) 
discovered that penetrating X-rays originated in a vacuum tube and took X-ray 
photographs of human hands. Becquerel (1896) discovered radiation from the 
uranium salt, potassium uranyl! sulfate. Wilson (1894-96) found the principles 
involved in the cloud chamber, in which the ions formed in the air by radiation 
acted as condensation centers of the cloud. The Curies (1898) discovered the new 
element radium whose radiation is several hundred times as great as that of 
uranium and coined the general term radioactivity. Clearly, scientific experi- 
mentation and interpretation were not lacking at that time. Why, then, when 
scientists discussed a problem in man, should they lose their scientific rigorous- 
ness and accept hearsay? To gain some understanding of this attitude, we must 
look at the social, economic, and political conditions in which these scientists 
found themselves and by which human thought is inevitably influenced. 

Much has been said about the scientists’ responsibilities to and influences on 
society. Conversely, we may also examine the influence of social factors on the 
attitude and thinking of scientists. During the 1890’s Europe was so much su- 
perior in military and economic strength to the rest of the world that it was 
taken for granted heyond any doubt that her people were also biologically su- 
perior and evolutionally more advanced. This needed no separate proof; existing 
conditions were proof. Therefore, the European jaw must be diminishing (‘‘on 
theoretical grounds’’). Not only that; since high intelligence constitutes a bio- 
logical basis for superiority, it is to be found only among Europeans. Thus, Sir 
Francis Galton wrote (op. cit.): “The natural ability of which this book mainly 
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treats, is such as a modern European possesses in a much greater average share 
than men of the lower races.” Similar statements may be found in other writings, 
but one example from an outstanding scientist must suffice. When we see some of 
these deep rooted social beliefs prevailing in that period, we no longer wonder 
why certain hypotheses were accepted as facts without proof. The line of reason- 
ing may be summarized as follows: Europeans—high intelligence—delicately 
nurtured—diminishing jaw; Lower races—low intelligence—crudely nurtured— 
powerful jaw. The deductive structure is attractive; but no trace of scientific 
evidence has yet been found to substantiate it. [If ‘‘much stress had been laid”’ 
on the growth of the body-hair in man instead of on the size of the jaw, one won- 
ders what ingenious interpretation would have been produced by the nineteenth 
century scientists. This, however, also is beyond the scope of the present dis- 
cussion. 

I believe that the scientists of the 1890’s were sincere in their assertion of the 
diminishing jaw of ‘highly civilized people’. To them, it was fact, no matter 
how unconvincing it sounds today. Truth, particularly in a young and growing 
science is only relative to time. It is natural to find varying social and scientific 
beliefs at different periods in history and at varying stages in the development 
of human thought. That the story of the diminishing jaw fails to convince us in 
1960 does not lessen to the slightest extent the status of Galton as one of the 
great scientific thinkers of the nineteenth century. Galton himself was well aware 
of the time element in scientific truths. He said: ‘The earlier part of the book 
should be read in the light of the imperfect knowledge of the time when it was 
written, since what was true in the above respects for the year 1869 does not 
continue to be true for 1892’. From 1869 to 1892 was merely a period of twenty- 
three years. If he were to revise his book today, I am sure he would say: ‘‘What 
was true for 1892 does not continue to be true for 1960.” The lesson to be derived 
from this is that what seems to be true for us today does not necessarily continue 
to be true for, say, 1983; that is, twenty-three years hence. Therefore, I am not. 
primarily concerned in this discussion with the truth or falsity of any particular 
belief or assertion. Let history decide that. Rather, aware that one’s beliefs and 
attitudes are largely a product of the circumstances in which one finds himself, 
I shall try to detach myself from the present in the hope of being able to see a 
little more of the changing attitude of man at different times. 

Galton regarded nineteenth century Europe “highly civilized’. Measured by 
the 1960 standard, it perhaps would be regarded otherwise. One cannot fail to 
notice that the adjective “highly civilized” referred to the state of affairs as 
viewed by the writer at the date of writing. By the same token, how will we of 
1960 be measured centuries later? Thus, the state of being “highly civilized” has 
no absolute meaning; it is synonymous with ‘‘the present condition”. When we 
think of early man, with weapons to hunt, with fire to cook, furs to keep him 
warm, and a cave for comfortable living, we would doubt very much if he had 
ever regarded himself as anything less than being highly civilized. It is not im- 
possible that he had wondered about the possible future “deterioration” of the 


| 


4 id 


human race, because he, too, might have remembered the more powerful jaws 
(real or imaginary) of his ancestors. 


* * * * 


In attempting to extrapolate from the present to the future, we should con- 
stantly remind ourselves that if the remote past is only vaguely known to us 
and difficult to study, the remote future is even more so. Some present day 
philosopher-biologists consistently preach the doctrine that human genetic con- 
stitution has been weakened by the advent of ‘‘modern civilization” and is in 
process of continual deterioration. If true, the modern man, the highly civilized, 
must be regarded as the result of previous deterioration, a process going on since 
the emergence of man, because man has never ceased to improve his living con- 
ditions. 

When definitions are ignored, we are likely to run into semantic difficulty. If 
we call the change from the early man to modern man “‘progress”’, then the con- 
tinual change in the future is a continuation of the same progress. If we label the 
change from the early man to modern man “‘deterioration’’, then the continual 
change in the future is a continuation of the same deterioration. It matters little 
which term we adopt, but once adopted, we should use it consistently. The fact 
is that we continue to ‘“‘progress’”’ or ‘‘deteriorate’”’ (whichever you prefer) to a 
higher civilization by definition, deviating more and more from early man and 
probably also from the nineteenth century man. Whether we should describe 
future change by a four-letter work (e.g., g 0 o d) or by a three-letter word (e.g., 
bad) is entirely a matter of preference. Some of us apparently would like to 
reverse the rule in the middle of a game, calling the changes in the past progres- 
sive and the possible changes in the future regressive! This being done, the un- 
avoidable conclusion is that the present state is at the peak of the quality of the 
human genetic stock. Does such a peak exist? Is it likely that we should happen to 
witness the turning point along the eternal axis of time that has no beginning 
and has no end? If we must express preference, would it not be more plausible 
to suppose that the great days of humanity are yet ahead of us than that they 
are behind us? 

The idea that our inherent (genetic) faculties are deteriorating is not new. 
Galton observed that not only the jaw has been diminishing but also that ‘‘a 
high degree of ability ... is exceedingly rare now” (i.e. in 1892). Now (1960), 
we have continued to witness the unsurpassed excellence of British scientific 
achievements in all fields. 


* * * * * 


Heredity is a very conservative force in nature. Apart from incredible precision 
in self-duplication of the gene, there is in nature a balance of forces that tends 
to preserve the population as it is. In the event of disturbance, these forces tend 
to restore in due time the original status of the population. When we consider 
the genetic changes in a population as a whole, we must specify distinctly the 
order of magnitude of the time interval in which the genetic change is to take 
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place. In terms of hundreds and thousands of generations, the change may be 
appreciable in certain respects (but not necessarily in other respects). However, 
in a period of a few generations the change would be so infinitesimal that for all 
practical purposes the genetic content of a population may be taken as constant, 
remaining at a certain equilibrium state determined by the rules of nature as 
expressed by the prevailing environmental conditions. Without this high degree 
of stability of nature, we would literally find a new biological world every Spring, 
if not wake up to a new world every morning! 

We have also heard discussion of the improvement of the human race. Some 
believe that the improvement might be accomplished through the application of 
simple Mendelian laws. Among all the advocates from various scientific fields, 
we note that there is not a single professional plant breeder nor animal breeder. 
Breeders know well how many problems are created by breeding. Their accom- 
plishments, obtained from many undesirable effects and at the price of severe 
selection, have been commercialized and made known to the general public, but 
the problems accompanying the accomplishments remain known only to the 
breeders themselves. It is no wonder that professional breeders hesitate to sug- 
gest the breeding of man, even if the breeding methodology were applicable to 
man. (As a former plant breeder, I think the method hardly applicable.) There 
still remains the question of the adequacy of our wisdom and foresight if and 
when all technical matters are solved. 

Time acts as a sieve screening the scientific value and validity of one’s findings. 
A false claim, however attractive or appealing at the time when it is made, will 
die out in due time, although it may flourish for a short period as demanded by 
the existing social fashion or political conditions. A true finding, upon further 
research, continues to develop and grow into a full fledged science. This we can 
see very clearly from history. Limiting ourselves to the period of the 1890’s, we 
see that the initial findings of the physicists I mentioned earlier, each based on 
experimental evidence, have developed into the sophisticated science of nuclear 
physics of today, while the philosophy of the biologists, e.g., that on the diminish- 
ing jaw of the civilized people, has rapidly faded from the scientific thought, 
though it was once accepted as an axiomatic truth. 

In the foregoing I have discussed an instance of the effect of social and political 
influences upon scientific thought and the attitude of the scientists. Certain 
principles involved are as true today as they were before. Some current assertions 
and thinking of biologists are of a type not unlike that of the diminishing jaw 
and are based on no sounder foundations; however, a new topic takes the place 
of an old one. It is a new bottle containing the same wine. I have cited the belief 
of the decline of human intelligence and the deterioration of man’s genetic en- 
dowment as examples. Those assertions were based on intuitive deductions rather 
than scientific findings. Subsequent studies yielded no support for those theories. 
On the other hand, we have the very flattering doctrine that man is unique and 
can control nature. Indeed, man is unique in many respects and is utilizing the 
forces of nature to his advantage. But we must not overlook the fact that every 
other species is also unique in certain respects and also combats and utilizes nature 
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for its own advantage. Man, after all, may not be uniquely unique. The point I 
am trying to make here is that both views, pessimistic and optimistic, reflect 
more of the personality of the authors than objective pictures of biological 
realities. 


* * * * * 


In addition to the purely academic subjects mentioned above, genetics has 
frequently been employed in varying degrees as a scientific basis for the dis- 
cussion of current public issues ranging from those of medical care and public 
health to those of international politics and military security. On these various 
problems, however, competent geneticists hold diametrically opposing points of 
view. To these are added the more varied viewpoints of physicists, chemists, and 
other scientists who curiously have acquired a new interest in human genetics. 
A science that has long been suffering from retardation in growth is suddenly in 
the last few years in the spotlight. Housewives and candidates for public offices 
speak of mutations. 

The possible dangers from radioactive fallout and the subject of world dis- 
armament have also been discussed inter-relatedly. A number of scientists cite 
the fallout danger as a strong reason for disarmament. However, when I asked 
one, a renowned chemist and leader of scientific organizations while he was 
visiting Pittsburgh—‘If the fallout is not dangerous or if its danger can be 
controlled or eliminated to a comparatively tolerable level, would you still be 
for disarmament or would you be for continued arms race?” the answer is that 
he would be for disarmament just the same. (Fortunately so.) 

If one hundred pounds of a certain kind of fertilizer are added to a plot of 
wheat field, the yield is, say, 100 bushels. If no such fertilizer is added, the wheat 
yield is still 100 bushels. In such a situation we would say that the fertilizer has 
no effect on yield. Similarly, if the fallout is dangerous, he favors disarmament. 
If the faliout is not dangerous, he favors disarmament just the same. In such 
a situation, fallout danger cannot be regarded as a reason for disarmament even 
if it is actually dangerous. Earlier I have mentioned the phenomenon that when 
scientists talk about a human problem, they lose their rigorousness of argument 
and are strongly influenced by current social conditions. Nowhere do we see this 
as clearly as in this example. 

The truth of a statement (i.e. a scientific fact) does not necessarily qualify it 
to be a valid reason for certain human actions or decisions. Do we drink water 
because it is HO? If water were HO, as originally suggested by Dalton, should 
we not continue to drink it just the same? There seems no necessary relationship 
between a fact and its being a reason for something else. On the other hand, a 
false statement does not necessarily prevent it from being a real reason for certain 
human actions. 

In the foregoing paragraphs I have implicitly assumed that the fallout from 
radioactive dusts is harmful to man, the word harmful being used in a non-spe- 
cific sense. I have not discussed the truth or falsity of this assumption because, 
in the first place, it is irrelevant to the problems I am talking about here, and 
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secondly, no amount of verbal debate can create any information on this subject. 
We must await quantitative experimental and observational data. Returning 
to the subject of world disarmament (not U. S. disarmament), we recall that 
there have been attempts at disafmament long before the advent of the age of 
nuclear energy. The familiar 5:5:3 ratio not only was agreed upon on paper but 
was actually carried out to some extent in practice, even though for a short 
period of time. The obvious advantages of having world disarmament are many. 
The arguments for military alertness are also very strong. The main point is that 
the cause for world disarmament may be well argued irrespective of the truth or 
falsity of the fallout danger. There is no need for scare talk. The noble human 
ope of ‘‘no more war”’ is shared by everyone at all times in human history, but 
it is not based on the source and form of energy with which war is executed. 
(Indians with bows and arrows had hoped for a dependable and honorable peace 
treaty even more sincerely than some of us do today.) 

The play-up of the fallout danger in recent years cannot be explained on a 
purely scientific basis, just as the belief in diminishing jaw cannot be justified 
on the evidence they possessed. This play-up must be partially attributed to 
social and political factors and partially to our uncertainty as to the extent of 
the harmfulness of fallout. In 1947, two years after the explosions in Hiroshima 
and Nagasaki but several years before the onset of stop-the-weapon-tests move- 
ment, Professor J. B. 8S. Haldane in a highly mathematical paper ‘The dysgenic 
effect of induced recessive mutations” (Annals of Eugenics 14: p. 42) considered 
the hypothetical million survivors of an atom bomb explosion who have re- 
ceived a mean dose of gamma radiation of 20 roentgens and came to the following 
conclusions: 

‘Human genes cannot be much more sensitive to radiation than those of Drosophila, 
otherwise the rate of spontaneous mutation in man would probably be higher than is the 
case . . . 4000 mutations would involve 2000 deaths in all, spread over very many genera- 
tions and occurring at a rate of the order of two per generation. . . . It might be ten times 
as great. But even this would only give about twenty deaths per generation; and many of 
these might be in early embryonic life, and therefore negligible either from a humanitarian 
point of view or from the point of view of mere population size. . . . The effect of dominant 
and semi-dominant mutations will certainly be more spectacular, as these will all appear 
and mostly be eliminated in a few generations. It should, however, be remembered that 
many dominants and semi-dominants are due to structural changes, and that these increase 
approximately with the square of the dose, and are not likely to be very numerous with doses 
below 100 r.”’ 


It should be noted that Professor Haldane was considering the survivors of a 
nuclear explosion who received a high dose of radiation (20 r) in one shot, not 
the low fallout radiation which amounts to approximately 0.10 r in a period of 
thirty years. Since the onset of the stop-the-weapon-tests movement, the atmos- 
phere and the tone of the estimation of the fallout danger have abruptly changed. 
How may we account for this change in attitude on a purely scientific basis, 
ignoring the political viewpoints of the scientists involved? During the height 
of the stop-the-tests movement some scientists have exprgssed themselves by 
writing letters to federal government officials concerning the fallout danger, 
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presumably on the basis of their scientific knowledge. The effectiveness of the 
appeal of these scientists was, however, seriously undermined by the total silence 
of the Soviet scientists on the subject. They did not write a similar letter or make 
similar estimates, and it is doubtfui whether they hold the same view about the 
fallout danger. Why the abundance of the danger talk in one country and the 
total lack of it in another? Is this not sufficient to show that it may not be wholly 
of a seientifie nature? Apparently the mixture of science and politics has not yet 
been put into a high speed centrifuge. 

The political factor alone can, however, account for the attitude of only a 
limited number of scientists. The majority’s susceptibility to the danger talk, | 
think, is at least partially due to some form of the diminishing jaw complex. 
Some of us today worry about the deterioration of the “‘modern man’’ no less 
than Galton did three quarters of a century ago. The possible fallout danger 
fulfills the need to make the deterioration concept a little more substantial. If we 
did not have the problem of fallout, we would have something else to fulfill the 
need and there are many ready substitutes. 

The prudent judgement that overestimates the biological effect of very low 
doses of radiation is certainly wise and agreeable. No one should underestimate 
the possible radiation hazard to man, however small. We also accept the fact 
that nuclear energy is here to stay and must be utilized to our best advantage. 
This energy is not to be feared through ignorance, but to be respected through 
knowledge and understanding. 

What has been said about the issue of the diminishing jaw applies equally to 
the issue of fallout danger. One point may be repeated here: time will determine 
the validity of unproved scientific assertions. Health physics has already become 
a science of its own. Twenty-three years later, in 1983, results of experimental 
studies of the biological effects of very low level of radiation will develop into a 
permanent branch of radiobiology while all the current assumptions and deduc- 
tions, intuitions and educated guesses, fears and emotions on fallout danger will 
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Selection at the ABO Locus 


C. 8. CHUNG anp N. E. MORTON 


Department of Medical Genetics, University of Wisconsin 


Brues (1954) argued on anthropological grounds that the ABO blood group 
polymorphism is maintained by natural selection, since not more than one-fifth 
of the possible range of variation is occupied by populations now living. Con- 
sidering the great variability of gene frequencies among local populations of the 
same ethnic origin, it seems reasonable to suppose that only selective factors 
could restrict variation among more distantly related groups. Accepting the 
evidence for elimination of A-incompatible zygotes (Waterhouse and Hogben, 
1947), Brues was able to construct a system of selection coefficients, favoring 
compatible AO, BO, and AB zygotes, which gives an equilibrium at the mean 
world ABO frequencies and is stable over the range of observed variations in 
frequency. 

This ingenious approach takes advantage of the fact that ABO distributions 
are known with considerable precision. However, by this method we cannot 
hope to distinguish between differential fertility and mortality, between genetic 
drift and variable selection, among alternative systems of selection coefficients 
which could give the same equilibrium, or even among systems with the same 
relative, but different absolute, values of the selection coefficients. Brues was 
aware of these disadvantages, but she drew attention also to the difficulties 
inherent in a direct study of ABO selection. iBy immunological methods it has 
not been possible to distinguish between AA and AO, or BB and BO, so that 
selective differences between homozygotes and heterozygotes are obscured. 
Technical errors may be of the same magnitude as selection effects, which are 
therefore “likely, even ‘f detected, to be challenged for a long time in the im- 
munological field’. Under modern conditions of greatly relaxed selection, ‘‘the 
mortality causes involved may be totally different from those which decimated 
the young and adolescent in prehistoric times’. Finally, the operation of selec- 
tion may be so complex, involving slight and perhaps compensatory shifts in 
fertility and viability, as to defy direct analysis. 

Since publication of this provocative paper by Brues, several developments 
have made the direct study of ABO selection appear more feasible. Levine (1959) 
and Cohen and Glass (1959) demonstrated that A- or B-incompatibility has a 
protective effect in RH hemolytic disease, apparently by reducing the length of 
time errant fetal cells persist in the maternal circulation. The ABO blood groups 
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are associated with resistance to other diseases (Roberts, 1957), type O suffering 
from an increased risk of duodenal ulcer but enjoying some protection from stom- 
ach cancer. Matsunaga and Itoh (1958) have published data which strongly 
support the hypothesis of ABO maternal-fetal incompatibility as a major cause 
of fetal death. Finally, methods have been devised which permit a more rigorous 
and efficient analysis of segregation data in man than has hitherto seemed pos- 
sible (Morton, 1959). These procedures have been incorporated into a program 
for the IBM 650 electronic computer, called SEGRAN. [This program, written 
by Nancy 8. Jones, is available from the Department of Medical Genetics, 
University of Wisconsin.] Stimulated by these developments, we have analysed 
2836 families from 38 European and American studies (see references) and 2578 
father-mother-child trios (Johnstone, 1954). Japanese material will be treated in 
detail in a later report as a further test of hypotheses elaborated here (Chung, 
Matsunaga, and Morton, in preparation). 


EQUILIBRIUM OF A AND O GENES 


The authors of our family studies excluded sterile matings, abortions, and un- 
tested children. Often family size was not complete at the time of testing, and 
reproductive compensation for fetal deaths may have obscured selection effects. 
We have no assurance that modern fertility patterns are the same as those under 
which the populations approached equilibrium or that selection effects are ho- 
mogeneous among populations. 

With these reservations, we may examine fertility differentials within studies, 
excluding matings that involve the B gene in either parent. Tabe 1 shows that 
there is no evidence for differences in net fertility between A and O parents, 
except that A-incompatible matings, in which the father possessed the A antigen 
and the mother lacked it, are significantly less fertile than other matings. The 
mean reduction in fertility associated with an A-incompartible mating is esti- 
mated to be .1545/2.9566, or 5.2 per cent. Matsunaga and Itoh (1958), who have 
published the most extensive study on ABO groups and fertility, found that the 
number of living children per mating was reduced 16.3 per cent in A- and B- 
incompatible matings (xj = 25.8). Their data are especially valuable because 
they include childless couples and are from a population with “scarcely any 
effective control over family size’, under conditions that were more rigorous 
than now prevail (Haga, 1959). 

We were not able to confirm the report by Matsunaga and Itoh of reduced 
fertility of O fathers among compatible matings. In our data O fathers are 


TABLE 1. MULTIPLE REGRESSION ANALYSIS OF NUMBER OF TESTED CHILDREN PER FAMILY 
WITHIN STUDIES BY PHENOTYPE OF PARENT (A oR Q) 


Source Effect 
A—incompatibility —.1545 + .0640 
A vs. O fathers after fitting above — .0240 + .0734 
A vs. O mothers after fitting above .0531 + .0690 


Mean of compatible matings 2.9566 


F 

| 

| 


SELECTION AT THE ABO LOCUS 11 


TABLE 2. MULTIPLE REGRESSION ANALYSIS OF NUMBER OF TESTED CHILDREN PER FAMILY 
WITHIN STUDIES BY GENOTYPE OF CHILD (AA, AO, or O) 


Source Effect 
A—incompatibility —.2577 + .1109 
AO after fitting above .0989 + .1292 
AA after fitting above —.1606 + .2273 
Mean of O genotype 2.9806 


slightly, but not significantly, more fertile than A fathers. However, the stand- 
ard error of the difference is large. 

An alternative approach to fertility effects is based, not on parental pheno- 
types, but on the progeny genotypes. In a randomly mating population, the 
probability that a parent of phenotype A- be homozygous AA is h = p/(p + 
2r), where p is the frequency of gene A and r is the frequency of gene O (Morton, 
1959). For each study we estimate h from a large population sample (McArthur 
and Penrose, 1951, and later authors), weight by the number of tested children, 
and take the mean, h = .1672. In A X O matings, the expected proportion of O 
children is (1 — h)/2 = .416, and in A X A matings the expected proportions of 
AO and 00 children are about (1 —'h?)/2 = .486 and (1 — h)?/4 = .173, re- 
spectively. Using the expected proportions as independent variates, we can per- 
form a multiple regression analysis within studies by genotype of child (table 2). 
The effect of A-incompatibility is still clearly significant, amounting to an esti- 
mated reduction in relative fertility of .2577/2.9806, or 8.6 per cent, in matings 
of AA males with OO females and half of this, or 4.3 per cent, in AO XK OO 
matings. This is equivalent to a selection coefficient against incompatible zygotes 
of .086 or more, depending on the extent of reproductive compensation for dead 
children. There is no significant effect on fertility of the AO and AA genotypes 
in compatible matings. However, the observed deviations are in the direction 
that would tend to maintain a balanced polymorphism, viz., increased fertility 
for AO children compared with AA and OO children. 

Fertility differentials provide only a lower limit for selection because of the 
likelihood of compensation for early deaths. However, mortality at any stage 
before or after birth should be reflected by the segregation ratio. Let p be the 
expected proportion (segregation frequency) of O children in AO X OO mat- 
ings. Then foran A X O mating the probabilities for r children of type O in a sib- 
ship of size s are 

P(r = 0) =h+ (1 — h)(1 — p)s 


P(r > 0) (1 (*) p) 


where h is the probability that the A parent is homozygous. In A X A matings 
the corresponding probabilities are 
P(r = 0) = h(2 — h) + (1 — h)*(1 — p)s 


Pir > 0) = (1 = (*) pra — 


| 

| 

F 

| 

| 


CHUNG AND MORTON 


TABLE 3. SEGREGATION ANALYSIS OF A, O MATINGS 


Father Mother Up Kpp Uh Khh 
A O — 20.798 5135.08 17.311 2095.20 
O A — 209.946 5847.88 82.706 2362 .54 
A A —11.799 ‘5723.43 


Maximum likelihood scores have been deyeloped for this situation (Morton and 
Chung, 1959). The scores (U) and their variances (K) are given in table 3, using 
p = 14 for baekcrosses and 14 for intercrosses, and h = .1672. 

As anticipated on the hypothesis of maternal-fetal incompatibility, the segrega- 
tion frequency of O is significantly lower in Og XK AQ matings than in o& X 
O@ matings (x? = 2.773, P = .048 by a one-tailed test). However, instead of an 
excess of O children in Ac’ X OF matings, there is a deficiency in the Od’ X 
A type (x? = 7.537, P = .006), which is evidently not due to error in estimating 
the proportion of matings which cannot segregate, since the deviations for h are 
nonsignificant. Possible explanations for the excess of A children include hetero- 
zygote advantage, extramarital conceptions, meiotic drive, and false positive 
blood tests. 

Discrimination among these alternatives is afforded by analysis of the relations 
among sibship size, parity (birth order), and the segregation frequency. Table 
4 gives the segregation scores by sibship size for the 38 family studies, omitting 
Johnstone’s trios, which include only one child per family. There is no significant 
association between sibship size and the scores for h in either compatible or in- 
compatible matings, nor between sibship size and the scores for p in compatible 
matings. However, in the incompatible matings (Ac’ X O@) there is a highly 
significant increase of O children with sibship size, as would be expected on the 
hypothesis of increasing risk for maternal immunization. The regression of the 
segregation frequency is .0274 + .0083, and since the average parity in a sib- 
ship of size s is (s + 1)/2, this corresponds to a regression on parity of .0548 + 
.0166. 

Confirmation of this result may be sought in the regression of the segregation 
frequency on parity within sibship size for the 24 studies which reported parity. 
This regression is .0433 + .0166, in good agreement with the evidence from sib- 
ship size. Since the two sources of information are independent, they may be 
pooled, giving .0490 + .0117 as the combined estimate. The corresponding esti- 
mate for compatible matings is —.0270 + .0142, which when pooled with the 
information from sibship size gives —.0202 + .0100. Thus the segregation fre- 
quency of O not only increases with parity in incompatible matings, but decreases 
in compatible ones. 

We cannot explain the excess of A children in compatible matings or the diver- 
gence between reciprocal crosses in terms of blood typing errors, which are usually 
failures to detect weak A reactions rather than false positives (Wiener, 1943). 
Similarly, extramarital children may be ruled out as a cause of these results. Let 
v be the frequency of unrecognized extramarital children. Among births to A 
mothers with O husbands, the frequency of O children is 


(1 —h) {(1 — v)/2+ vr/2(p+r)} = (1 — h){'6 — .14825v}, 
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TABLE 4. ReciprocaL A X O MATINGS BY SIBSHIP SIZE (s) 
p = 44, h = .16720 


s Up Kpp Un Khh 
X A (compatible) 
1 —10.183 308 . 24 6.114 111.11 
2 20.640 704.31 3.026 326.26 
3 —7.673 909 .82 — .058 458.25 
4 —60.186 812.46 8.524 385.97 
5 — 26.122 547.36 10.301 228.77 
6 —2.599 328.48 —1.624 118.06 
7 — 34.098 486 .00 1.234 150.89 
8 — 12.305 180.83 —1.361 49.12 
9 4.000 58.92 —2.402 14.20 
10 —0.194 98 .97 10.692 21.42 
Total — 128.720 4435 .37 34.446 1864.05 
Regression on s — .0067 + .0070 .0053 + .0122 
Ad X OF (incompatible) 
] —14.183 302.53 8.515 109.65 
2 — 20.234 704.31 15.820 326.26 
3 — 47.255 753 .04 —11.451 379.53 
4 —4.892 603 .93 —6.998 287 .53 
5 —8.122 637 .62 3.096 265.43 
6 35.668 364.98 9.301 131.18 
7 13.476 220.91 —5.095 68.59 
8 4.000 51.67 —2.402 14.03 
9 15.827 88.38 3.510 21.30 
10 12.000 32.99 —1.201 7.14 
Total —13.715 3760.35 13.096 1610.04 
Regression on s .0274 + .0083 —.0071 + .0142 
or an apparent segregation frequency of 15 — .14325v. Among births to O 


mothers with A husbands, the frequency of O children is (1 — h) (1 — v)/2 + 
rv/(p+r) = (1 — h){' + .35675v}, or an apparent segregation frequency of 
lg + .35675v. If the excess of A children in compatible matings were due to 
extramarital conceptions, their frequency would have to satisfy the relation v = 
—U,,/.14825K,, = .2506, which is incredibly high. If the regression of segrega- 
tion frequency on parity were due to a trend in the frequency of extramarital 
children, this would have to amount to .0490/.35675 = .1374 in incompatible 
matings, and .0202/.14325 = .1410 in compatible matings, per unit of parity. 
This is not only an absurdly large effect of parity on extramarital conception, 
but it is also contrary to the observation that the frequency of extramarital 
children is highest in the first-born (Johnstone, 1954; Edwards, 1957). 

Meiotie drive (Sandler and Novitski, 1957) cannot explain the deficiency of A 
children from incompatible matings, since fertility is significantly reduced. How- 
ever, it is not possible to rule out meiotic drive as the cause of A excess in com- 
patible matings. Production by AO mothers of an excess of functional A eggs, 
increasing with parity, could formally explain the results, although the great age 
of ABO polymorphism in primates is inconsistent with the expectation that 
instances of meiotic drive should have a short evolutionary history, as sensitive 
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TABLE 5. SEGREGATION ANALYSIS OF ABO MATINGS 


Segregants Compatible matings Incompatible matings 
Type - — — = 
T t Up Kpp Up Kpp 
A-compatibility 
AXXO AO O —209.946 5847.88 |—20.798 | 5135.08 
AXB AO O 6.202 |1146.53 32.068 629.90 
AB BO 49.266 | 762.70 | 23.700 793.43 
A X AB* AB BO 13.230 | 573.05 | — _ 
AB X B AO, AB BO, BB —12.000 | 352.00 0 136.00 
AXA AA, AO O —11.799 |5723.43 — — 
B-compatibility 
Bx O BO O 21.833 |1427.34 | —7.682 | 1622.04 
BXA AB, BO AO, O —54.554 |1748.03 | 12.523 | 1734.50 
B X ABT AB AO 5.651 | 215.93 — = 
ABXA AB, BO AA, AO —8.000 | 912.00 46 .000 852.00 
BXB BB, BO O —20.426 680.13 — — 
A-, B-compatibility 
AB X O AO BO ' 22.000 | 572.00 | 22.000 | 788.00 
AB X AB AA BB 0 56.00 — — 
AA, BB AB 8.000 | 128.00 — — 


* Exclude AA, AO progeny. 
+t Exclude BB, BO progeny. 


chromosomes are replaced with insensitive ones (Hiraizumi, Sandler, and Crow, 
1960). The critical observations would be provided by AAc XK AOQ matings, 
which should give an excess of AO children under heterozygote advantage, but 
an excess of AA children if meiotic drive is the cause. Unforturnately, the domi- 
nance of the A gene precludes such a test. However, table 5 gives evidence 
against meiotic drive, since reciprocal A X B matings show no deficit of the 
O gene from AO and BO mothers. 

Assuming tentatively that the excess of A in compatible matings is due to 
heterozygote advantage, rather than meiotic drive, this heterosis must increase 
with parity and act at a very early fetal stage, since it is not reflected by differ- 
ential fertility. Maternal-fetal incompatibility acts at a later stage, since it is 
reflected not only by reduced fertility, but also by an increase in recognized fetal 
deaths (Matsunaga and Itoh, 1958). Let x denote the fitness of AO incompatible 
zygotes and y the fitness of AA and OO zygotes, relative to a fitness of unity for 
compatible AO zygotes up to the time of blood typing. In Ach’ K O@ matings 
the segregation frequency of O is p = y/(x + y), in the reciprocal mating it is 
y/(1 + y), and in A X A matings it is y/2(1 + y). Scores for p may be trans- 
formed into scores for x and y by taking U, = U,(dp/dx), Uy = U,(dp/dy), 
K,x = K,,(dp/dx)?, K,y = K,,(dp/dy)*, and K,, = K,,(dp/dx) (dp/dy). 
Setting x = y = 1, we obtain 


5.1995 320.9425 —320.9425 
~ \—~59.1609/’ — 320.9425 775.8636 ’ 


from which x = .89758 + .07290 and y = .88138 + .04689. 
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TABLE 6. Matrix M ror A, O EQUILIBRIUM 


Mating Genotype Fertility 
AA AO Oo 
AA AA 1 0 0 1 
AO .46848 .53152 0 1 
O 0 -91354 0 0.91354 
AO AA -46848 .53152 0 1 
AO . 23424 .53152 . 23424 1 
O 0 .48274 .47403 0.95677 
O AA 0 1 0 1 
AO 0 .53152 .46848 1 
O 0 0 1 1 


Substituting these estimates of x and y, we may construct a matrix M of the 
products of the segregation frequencies and mating type fertilities, in which the 
rows represent mating types and the columns are genotypes (table 6). If there 
are n alleles, the number of genotypes is r = n(n + 1)/2, and M has r* rows and 
r columns. The sum of terms in any row equals the estimated relative fertility 
of that mating type, and the inner product of the vector of mating type fre- 
quencies and any column, divided by the sum of these products, is the estimated 
frequency of the corresponding genotype in the next generation. We suppose 
that mating is random by zygotes, so that the product of the genotype frequen- 
cies gives the mating type frequencies. 

A program, called EQUIGEN, has been written for the IBM 650 electronic 
computer to form successive generations for any initial vector of genotype fre- 
quencies G and matrix M. This program, prepared by Nancy S. Jones, was used 
to verify that the current selection intensities operating on the MN locus would 
lead to a stable equilibrium near the present gene frequencies (Morton and 
Chung, 1959). Applied to the A, O model of table 6, EQUIGEN demonstrates 
that a stable equilibrium exists at frequencies of .22419 for AA, .51767 for AO, 
and .25814 for OO, at which point the gene frequency of O is .51698 and the 
heterozygote is 1.0365 times as frequent as under random mating without selec- 
tion. 

This is a higher frequency of the A gene than is found in most populations. 
Very likely the model is too simple, especially in assuming equal fitness for AA 
and OO zygotes. A lower fitness for AA would stabilize the gene frequencies at 
their observed value. Unfortunately, the amount of information about the fit- 
ness of the AA genotype is very small, orly 22.36 units, and the difference be- 
tween AA and 00 is not significant (x? = 1.160). 


Equilibrium of the A, B, O genes 


Caucasian samples yield a small amount of information about B, the rarest 
of the ABO factors. In matings involving only the B and O genes the regression 
of number of tested children on expected frequency of B-incompatibility within 
studies is —.0397 + .1563, which is not significantly different from zero, on the 
one hand, or the demonstrated A-incompatibility effect on the other. There is 
considerable evidence that A,-incompatibility is most serious, B less serious, 
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TABLE 7. SUMMARY OF SEGREGATION ANALYSIS OF ABO MATINGS 


O mother A or B mother 
Mating type Regression on parity - Regression on parity 
Up Kpp Up Kpp 
A-incompatible —20.798)5135.08 .0490 + .0117 55.768) 1559.33) —.0023 + .0220 
B-ineompatible — 7.682 1622.04) .0407 + .0205 58.523) 2586.50 .0066 + .0150 
Compatible test- — — 236.465 10169.78' — .0165 + .0082 


cross 


and A» least serious with respect to ABO hemolytic disease in the children of 
O mothers (Levine, 1955; Munk-Andersen, 1957; Zuelzer and Kaplan, 1954). 
However, it may be misleading to reason from hemolytic disease in livebirths 
to effects on fetal deaths. In particular, the demonstrated increase in early fetal 
deaths with ABO incompatibility may be due to tissue necrosis rather than red 
cell destruction (McNeil et al., 1954; Matsunaga and Itoh, 1958). The pooled 
regression on incompatibility over all matings within studies is —.1898 + .0949, 
or a relative reduction in fertility of 6.3 + 3.2,per cent. 

The segregation analysis of all mating types is given in table 5. For B parents, 
h was calculated from population gene frequencies as q/(q + 2r), where q is 
the frequency of gene B and r is the frequency of gene O, and the mean value 
of h is .0669. The data are summarized in table 7, together with the regressions 
of segregation frequency on parity, obtained as for the A, O matings by pooling 
the regressions from half-sibship size and from parity within sibship size, which 
are homogeneous. 

In children of O mothers the decline in frequency of A and B children with 
parity is highly significant. There is no indication that the B-incompatibility 
effect is appreciably less than for A-incompatibility. We interpret the parity 
regression as due to differential mortality of incompatible fetuses and infants 
as the result of isoimmunization of the mother by previous pregnancies. 

The evidence from A and B mothers is altogether different. The regression 
of segregation frequency on parity in incompatible matings is .0038 + .0124, 
which is not significantly different from zero but is significantly less than the 
parity effect of .0470 + .0102 for incompatible children from O mothers (x? = 
7.27, P < .01). Thus isoimmunization of A or B mothers by incompatible preg- 
nancies appears to have only a negligible selective effect. This is consistent with 
the fact that ABO hemolytic disease of the newborn is practically restricted to 
O mothers (Levine, 1955; Munk-Andersen, 1957). 

Although there is no evidence for isoimmunization of A and B mothers by 
incompatible pregnancies, there is a deficiency of incompatible children which 
is barely significant when compared with genetic expectation (x? = 3.15, P = 
.04 by a one-tailed test) and is highly significant when compared with compati- 
ble matings of A and B mothers (x? = 7.61, P < .01). We interpret this defi- 
ciency of incompatible children, in the absence of a parity effect, as due to 
differential mortality of incompatible fetuses and infants by normal or hetero- 
immune maternal antibodies, such as those elicited by vaccines and bacterial 
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TABLE 8. STUDIES ON MORTALITY AND ABO INCOMPATIBILITY 


McNeil et al. (1954) Matsunaga and Itoh (1958) Haga (1959) Reed -—_ Kelly 
Compatible 36/233 | 273/2639 258 /2366 28/1628 23/1628 56/317 
.155 .103 .109 .017 .014 
Incompatible, O 38/129 148/911 142/763 23/596 14/596 27/111 
mother .295 . 162 186 .039 .023 .243 
Incompatible, A 11/42 147/i1017 150/870 25/695 26 /695 13/51 
or B mother . 262 .145 .172 .037 .255 


antigens. The existence of a heteroimmune mechanism is also suggested by the 
fact that primiparae make up half of the described cases of hemolytic disease 
of the newborn (Levine, 1955), although isoimmune sensitization of the mother 
apparently occurs in the postpartum period (Zuelzer and Kaplan, 1954). A 
possible difference in the immune response of O versus A and B mothers is sup- 
ported by the difference in sedimentation constants for anti-B from A; and O 
persons (Filitti-Wurmser ef al., 1952) and the crossreactivity of antibody from 
O persons (Rosenfield, 1953). It is not known whether the seasonal variation in 
A and B antibody titers is heteroimmune in origin (Shaw and Stone, 1958), or 
whether it affects the incidence of icterus praecox (Levine, 1955). 

Three other studies support our conclusion that maternal-fetal incompati- 
bility is an important cause of mortality in pregnancies to A and B mothers, 
despite the absence of evidence for isoimmunization or hemolytic disease of the 
newborn (table 8).. McNeil et al. (1954) found a highly significant excess of 
women with two or more abortions among incompatible matings (x? = 10.35, 
P < .002). This excess remains significant when incompatible matings of type 
O women are excluded (x? = 2.90, P = .045 by a one-tailed test). Matsunaga 
and Itoh (1958) found a highly significant increase in abortions and perinatal 
and postnatal deaths in incompatible pregnancies to A and B mothers, compared 
with compatible pregnancies (x2 = 12.19 and 23.18, respectively, P < .001). 
Haga (1959) reported on a Japanese population under a more favorable environ- 
ment. In his material the mortality rates and incompatibility effects are much 
reduced, and there is no significant relation between incompatibility and post- 
natal deaths. However, both miscarriages and stillbirths are significantly in- 
creased in incompatible pregnancies to A and B mothers (x? = 7.70 and 12.79, 
respectively, P < .01). Other studies which indicate a significant effect of ABO 
incompatibility on fetal death, but either are smaller or do not separate differ- 
ent types of incompatible matings, were published by Levine (1943), Wiener 
et al. (1949), Grubb and Sjostedt (1955), Matsunaga (1955), and Reed and 
Kelly (1958). There is no evidence which suggests that mortality is less for in- 
compatible children of A or B than of O mothers. 

It is possible to develop an approximate model for isoimmunization of O 
mothers. Suppose that an incompatible child has ¢ occasions, on the average, *9 
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sensitize the mother so that subsequent incompatible fetuses will be eliminated 
pre- or post-natally. Then in a testcross the mean number of occasions for sensi- 
tization per pregnancy is c/2, and the probability that a pregnancy will not 
sensitize is e~°/?, Therefore, the probability that the mother was not sensitized 
by pregnancies preceding the nt pregnancy is e~°*—/?, The natural logarithm 
of the ratio of compatible to incompatible survivors is 

vy = In(p/q) = e(n — 1)/2 + constant. 


To estimate ¢ we have the equation 
dy/dn = ¢/2 = (dy/dp)(dp/dn). 


Since the regression of segregation frequency on parity is dp/dn = .0470, and 
dy/dp = 1/pq = 4, we have 


ec = 8(.0470) = .376. 


Thus an incompatible child has an appreciable probability of sensitizing the 
mother. The probability of incomplete sensitization, permitting survival of a 
subsequent incompatible pregnancy, may well be higher. The means of sensiti- 
zation is poorly understood, but it seems important that maternal isoantibodies 
do not increase appreciably in titer up to the delivery of normal live births, 
but increase postpartum if the infant is both A- or B-incompatible and an ABO 
secretor (Zuelzer and Kaplan, 1954). It is not known whether an early fetal 
death is capable of sensitizing the mother. 

We turn now to another aspect of the data in table 7, the excess of hetero- 
zygotes in compatible matings. This amounts to .0233 + .0099, with a regres- 
sion on parity of .0165 + .0082. We interpret this as for the A, O data, to indi- 
‘ate that heterozygotes are favored in compatible matings, their advantage 
increasing with parity. There is no evidence to implicate or exclude immune mech- 
anisms in this selection, which is similar in magnitude to MN advantage, al- 
though the latter does not increase with parity (Morton and Chung, 1959). In 
both cases differential mortality must occur as early fetal deaths, since it is not 
reflected in abortion histories (Matsunaga and Itoh, 1958). 

As the first step in developing a genetic model for ABO selection, the segrega- 
tion frequencies in table 5 were regressed on variables which represented the 
progeny genotypes, their magnitude indicating the proportions expected and 
their sign whether that genotype contributes to the segregation frequency p or 
to 1 — p. Compatible and incompatible progeny were represented by different 
variables. This analysis showed that there was no significant difference among 
the viabilities of AO, AB, and BO zygotes either in compatible or incompatible 
matings, nor among AA, BB, and OO. However, there was a significant differ- 
ence between compatible heterozygotes on the one hand, and homozygotes and 
incompatible heterozygotes on the other. 

Accordingly the following model was examined. Let x denote the fitness of 
incompatible heterozygotes and y the fitness of homozygotes, relative to the 
fitness of compatible heterozygotes. Maximum likelihood analysis, carried out 
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in the same way as for the A, O genes, gives x = .8935 + .0483, y = .9065 + 
.0366. These values lead to an unstable equilibrium for the A and B genes, the 
rarer of the two being eliminated from the population. Since a tri-allele equilib- 
rium appears to have persisted for a long time, we are led to seek a model that 
will be consistent with the segregation data but which will provide a stable 
equilibrium. Perhaps the simplest and most likely model is that AA and BB 
homozygotes are at a disadvantage compared to other genotypes. Let x be the 
fitness of incompatible heterozygotes, y the fitness of AA and BB, and z the 
fitness of OO. 
We find 


x = .9062 + .0460 
y = .9091 + .1252 
z = 9179 + .0346 


The estimated value of y is not significantly less than 1, and it still does not 
provide a stable polymorphism, but a slightly reduced value of y will do so. If 
y were .85, and x and z as estimated, a stable equilibrium would be established 
at phenotype frequencies of 0898 A, .0898 B, .0044 AB, and .8161 O. Slight 
changes in selection coefficients would produce an equilibrium closer to world 
blood type frequencies, but our sample is too small to justify further manipula- 
tions. However, since both x and z are significant, the genetic evidence strongly 
supports the assumption of Brues (1954) that ABO polymorphism is maintained 
because heterozygote advantage in compatible matings more than compens»tes 
for selection against heterozygotes in incompatible matings. 
DISCUSSION 

In the absence of a large body of family data, some investigators have sought 
for evidence of ABO selection in mother-child pairs (Kirk et al., 1955; Reed, 
1956). The difficulties in analysis of this material may be illustrated by the 
large sample of Kirk et al. The number of AB mothers is 583 and the number 
of AB children only 436. This difference is highly significant (x? = 21.21, P < 
.0001) and suggests misclassification of AB infants. The proportion misclassified 
is about (583 — 436) /583 = .25, which is identical with the frequency of A.B 
among AB persons. It would seem that a large proportion of AsB infants had 
been mistyped, a common error (Wiener, 1943). If there is no selection and if 
mating is at random, the number of O children from A and B mothers would 
be expected to equal the number of A and B children from O mothers. However, 
there is a significant deficiency of the incompatible class (x? = 5.97, P < .02). 
When our selection model is fitted, with allowance for AB misclassification, there 
is a deficiency of B children from B mothers and of A children from A mothers, 
and an excess of O children from O mothers and of A children from B and AB 
mothers, the overall fit being poor (xio = 40.06, P < .001). Whether these dis- 
crepancies are due to differential f:tility, assortative mating, classification 
errors, or differences in parity or viability cannot be determined from mother- 
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child pairs, which are a poor substitute for family data. A properly designed 
family study of this size would not only elucidate the selection mechanisms we 
have observed, but would probably lead to recognition of other mechanisms 
that are obscured in our relatively small sample. 

Attempts to use genetic evidence on ABO selection began with Hirszfeld and 
Zborowski (1925), who noticed a lower incidence of A children from incompati- 
ble than from compatible A >< O matings. This was confirmed by Levine (1943) 
and by Waterhouse and Hogben (1947), whose analysis was severely criticized 
by Bennett and Brandt (1954). The latter authors introduced maximum likeli- 
hood scores and found a highly significant deficiency of incompatible children. 
However, they also observed significant heterogeneity among their 12 samples 
of incompatible matings, although not among compatible ones. Not realizing 
that this is to be anticipated from differences among studies in parity and other 
factors affecting isoimmunization and selection, they tested the main effect 
against this heterogeneity mean square as error, and found that the deficiency 
of incompatible children was now only barely significant (t = 1.93, P = .04 by 
a one-tailed test). Their estimate of the segregation frequency of O children in 
incompatible matings is .580, based on 1125 units of information. Our study 
comprises 5135 units of information about this mating type. The difference in 
precision is partly due to the larger body of data on which our analysis is based, 
partly to the extremely low efficiency of Bennett and Brandt’s analysis. They 
exclude matings with only A or only O children. This double truncation leaves 
only 4s(2*-! — s)/(2s-! — 1) units of information in a scorable sibship of size 
s with p = 19, and only 1 — (1'9)*"' of testeross sibships are scorable. From 
the same material an efficient analysis gives 4s units of information, so the rela- 
tive efficiency of Bennett and Brandt’s method is 1 — s/2*~', which is 0 for 
sibships of size 1 or 2, only 4 for sibships of size 3, and 14 for sibships of size 
4, approaching full efficiency in large sibships. 

Several investigators have used fertility as a measure of ABO selection (Reed 
and Ahronheim, 1959; Bennett and Walker, 1956). Because of compensation 
for early fetal deaths and confounding of information if both parents are not 
typed, fertility can be an insensitive indicator of selection, and no clear or con- 
sistent pattern has emerged from these studies. Our material and the large 
sample of Matsunaga and Itoh (1958), where both parents were typed, show 
clear effects of incompatibility on fertility, but see Chung, Matsunaga, and 
Morton (in preparation) for evidence of heterogeneity in the fertility effect 
among populations. 

There is now considerable evidence for an association between ABO blood 
groups and various diseases (Sheppard, 1959). So far these correlations are 
weak and, except for a recent report of an association with rheumatic carditis 
(Clarke et al., 1960), involve diseases that, because of their rarity or late onset, 
probably exert little selection pressure on the ABO system. As a working hy- 
pothesis we propose that. the major effect of ABO selection is on early fetal and 
postnatal stages and that the reported associations between blood groups and 
adult diseases are at most second order selective effects. 
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The concept of the genetic load has been introduced to measure the deviation 
of the fitness of a population from its maximum value due to mutation, segrega- 
tion, meiotic drive, gametic selection, maternal-fetal incompatibility, or other 
mechanisms (Morton, Crow, and Muller, 1956; Crow, 1958). Loss of fitness 
may be expressed as specific types of mortality, sterility, or morbidity. The 
only mode of selection acting on the ABO locus which causes recognizable mor- 
tality is maternal-fetal incompatibility. In randomly mating populations, the 


frequency of incompatible zygotes is p(1 — p)? + q(1 — q)? = .2109, based 
on the estimated gene frequencies given by MacArthur and Penrose (1951) for 
the U.S. population (p = .249, q = .084, r = .667). The frequency of incom- 


patible matings is pq(p + 2r)(2 — q) + pq(q + 2r)(2 — p) + rl — r) = 
.3623. Thus the proportion of incompatible children in incompatible matings is 
.2109/.3623 = .5821, of whom 1 — .9062 = .0938 are estimated from the segre- 
gation analysis to be eliminated by maternal-fetal incompatibility. This is in 
good agreement with our estimate of a relative fertility loss of 6.3 per cent, sug- 
gesting that there is little reproductive compensation for dead children, at least 
in incomplete families. If these eliminations occur as recognizable abortions ‘or 
perinatal deaths, we would expect the incidence of such deaths to be increased 
by (.0938)(.5821) = .0546 in incompatible matings. This is less than the mor- 
tality difference reported by Matsunaga and Itoh (1958), but greater than the 
mortality difference found by Haga (1959). To determine whether all the mor- 
tality due to ABO incompatibility occurs at recognizable stages, we require a 
very large study of mortality and ABO segregation in the same population. 
Unfortunately, such a study has not yet been made. 

The expressed genetic loads due to mutation and segregation increase linearly 
with inbreeding. Maternal-fetal incompatibility shares with gametic selection 
and meiotic drive the interesting property of decreasing with inbreeding and 
therefore makes a negative contribution to the total genetic load measured in 
consanguineous marriages (Crow and Morton, 1960). The incompatibility load 
when the mother is not inbred is (1 — 2F)L, where L is the incompatibility load 
in a randomly mating population and F is the inbreeding coefficient of the zy- 
gote. Doubling a gamete to make it completely homozygous actually reduces 
the incompatibility load to zero, but if we assume, as is true for the mutation 
and segregation loads, that the expressed load is A + BF and the total load is 
A + B (Morton, Crow, and Muller, 1956), then the incompatibility load for 
the common kinds of inbreeding appears to contribute L to A and —2L to B, 
or —L to the total load. The fact that B/A for many types of mortality is large 
and positive demonstrates that the incompatibility load is a negligible part of 
the total genetic load as measured from inbreeding. However, the incompati- 
bility load may be an appreciable part of the expressed genetic load in a ran- 
domly mating population. For the ABO locus, we estimate 


= (.2109)(.0938) = .0198 


Thus the effect of ABO incompatibility is to kill abéut 2 per cent of all zygotes. 
Clearly there cannot be many loci with as great an incompatibility effect as 
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this, or they would account for all of the genetic load expressed as stillbirths 
and neonatal deaths in a randomly mating population. 

The contribution of ABO incompatibility to the inbreeding load B is —2L = 
— .0396. The negative contribution of all types of maternal-fetal incompatibility 
to the inbreeding load may account in part for the observation that inbreeding 
of the fetus has less effect on miscarriages and stillbirths than on postnatal and 
very early prenatal deaths (Slatis, Reis, and Hoene, 1958; Mares, Menge, Tyler, 
and Casida, 1960). 

In conclusion, we would like to make a few remarks about the validity of our 
material and the design of further studies. We consider the existence of a large 
effect of maternal-fetal incompatibility on pre-natal and perinatal deaths as 
firmly established both by segregation analysis and pregnancy histories. The 
evidence for parity effects and heterozygote advantage in compatible matings 
is less secure, not only because of heterogeneity in our material but also because 
no other body of data has yet been assembled to provide an independent test 
of these effects. In an area fraught with many pitfalls, some of them unsus- 
pected, it would be well to regard the evidence for the effects other than incom- 
patibility as only preliminary. 

There should be no need to stress the importance to medicine and human 
biology of ABO maternal-fetal incompatibility as a major identifiable cause of 
mortality, which because of the advanced state of knowledge of immunogenetics 
“an be studied, understood, and perhaps prevented. A problem of this signifi- 
‘ance deserves much more searching inquiry than it has received so far, com- 
bining the advantages of genetic methods with pregnancy histories and immuno- 
logical tests. The errors of anamnestic reports of fetal wastage are eliminated 
in segregation analysis, which reflects differential mortality at early stages of 
development more precisely than the most accurate fetal death registry. 

The sample size in an adequate study must be of the order of tens of thou- 
sands of pregnancies, studied for at least the ABO and Lewis antigens and ABO 
secretion of the child, both parents, and other sibs if possible. Due attention 
should be given to the obstetrical history preceding each birth, especially with 
regard to abortions. The frequency of genetic exceptions (“‘paternity exclusions’’) 
should be studied as a function of parity, as a guide to interpreting parity effects 
on segregation frequencies. Attention should be paid to possible residual effects 
of ABO incompatibility, such as icterus praecox, cerebral palsy, and mental 
defect (Wiener ef al., 1949). It is important that these studies be carried out 
under both rigorous and modern environments to determine not only the present 
effects of ABO blood groups but also the selection pressures that established the 
polymorphism under primitive conditions. 

Not many years ago, it was generally believed in this country that the major 
genetic polymorphisms are nonadaptive, or else controlled by extremely weak 
selection pressures. Now we recognize that they are often maintained by intense 
selection which is amenable to detailed analysis. From a passive role as neutral 
markers of prehistoric migrations, the genetic polymorphisms have taken their 
proper place as major selective agents. Yet we know only a little about the 
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selective forces involved and their interactions. In the unraveling of this tangled 
skein, the methods of segregation analysis can play an important part. 


SUMMARY 


Segregation analysis has been applied to Caucasian family data on ABO blood 
groups. Maternal-fetal incompatibility significantly reduces fertility by 6.3 + 
3.2 per cent and causes elimination of 9.4 + 4.6 per cent of incompatible zy- 
gotes. Thus there is no evidence in these incomplete families of reproductive 
compensation for dead children. Abortion studies show that many of these 
deaths (amounting to 2 per cent of all zygotes) occur at recognizable stages of 
development, but the published material on fetal loss is inadequate to specify 
the distribution of mortality with any precision. The frequency of incompatible 
children of O mothers declines with parity while the frequency of incompatible 
children of A and B mothers does not. In both cases there is a significant overall 
deficiency of incompatible children compared with compatible matings. These 
data suggest that isoimmunization by fetal antigens is a major factor in the 
outcome of pregnancies to O mothers, but that heteroimmune mechanisms are 
more important for A and B mothers. Published studies of abortions and peri- 
natal deaths support the conclusion that the overall effect of maternal-fetal in- 
compatibility on mortality is sensibly the same for O, A, and B mothers, de- 
spite the fact that clinical hemolytic disease of the newborn is almost restricted 
to children of O mothers. 

In compatible matings there is a significant excess of heterozygotes, increasing 
with parity. However, this is not supported by abortion data, so that it seems 
necessary to invoke either early fetal death of homozygotes, meiotic drive, or 
some unrecognized bias in our material. Extramarital children do not provide a 
likely explanation, because their frequency would have to be very high and 
increase with parity at an astounding rate. Available evidence actually indicates 
a maximun frequency,of extramarital children in first births. Meiotic drive is 
unlikely because reciprocal A X B matings show no deficit of O gametes from 
AO and BO mothers. 

The literature on prenatal ABO selection is critically reviewed. The contribu- 
tion of maternal-fetal incompatibility to the genetic load is discussed, and it is 
concluded that few loci can be as important causes of fetal death as the ABO 
system. The requirements for a definitive study of ABO effects are considered. 

On this evidence, we propose as a working hypothesis that the principal 
mechanisms of selection which maintain the ABO polymorphism act during 
fetal and early postnatal stages, and that the reported associations between 
blood groups and adult disease are at most second order selective effects. 
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MANY OF THE CHARACTERISTICS OF MAN are distributed as continuous variables, 
and included among these are birth weight and intelligence. Various studies have 
suggested that these characteristics have large components which are genetic in 
origin, in addition to their environmental components (Donald, 1939, Robson, 
1955, and Morton, 1955 and 1958, present and, in that order, improve upon the 
evidence that there is an effect of fetal genotype on birth weight). In general, it 
has been assumed that the differences observed within the normal range of varia- 
tion are due to genes with small effects plus the effects of the environment. 

The children of first cousins have one-sixteenth less heterozygosity than is 
present among outbred individuals. In a large survey, this should have a slight 
effect on the distribution of continuously varying characteristics. To the extent 
that these characteristics are affected by genes in which the heterozygote’s 
phenotype is not half way between that of the two homozygotes, there will be 
an increased variability among the children of first cousins, reflecting their 
additional homozygosity. 

It is highly doubtful that the increased variability could be large enough to 
be observable. There may be a number of rare genes with major effects on birth 
weight and intelligence in the homozygous recessive state. Despite the rarity of 
these genes, they would supply an enormous portion of any extra variability 
that might be observed among the children of consanguineous parents. It is 
improbable that the effects of these rare genes could be sorted from the effect of 
homozygosity for those genes that make moderate contributions toward birth 
weight and intelligence. 

The rare recessive genes which have major effects on intelligence and on birth 
weight are only poorly known. Only recessive genes with a detrimental effect on 
intelligence have been reported, and almost nothing is known of the effect of 
genes on birth weight in man. 

The data to be analysed here consist of birth weights and intelligence scores 
for the children of first cousin marriages and of a group of control marriages. 
Various data concerning discontinuous characteristics in these families have 

* This work was performed under the auspices of the U. S. Atomic Energy Commission. 
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TABLE 1. THE DISTRIBUTION OF BIRTH WEIGHTS AND INTELLIGENCE SCORES IN CHILDREN 


N mean s.d. Zi g2 


Consanguineous 


Birth weight (oz.) 63 | 114.3 + 2.6 20.6 + 1.8 | —0.52 + 0.31 | 1.12 + 0.62 
Intelligence score 87 | 101.5 + 1.5 | 14.1 + 1.1 0.23 + 0.26 | , 1.91 + 0.53 


Control 


5 | 17.0 + 1.8 | —0.26 + 0.37 |—0.53 + 0.73 
3 | 11.1 + 0.9 0.17 + 0.29 |—0.62 + 0.58 


Birth weight (0z.) 45 | 118.0 + 2. 
72 | 104.1 + 1. 


Intelligence score 


previously been reported (Slatis et al., 1958). The intelligence ratings were col- 
lected from school records and are presented as Otis scores, although many of 
these scores have been transformed from I.Q. scores by the method of Flanagan 
and Schwartz (1958). The data on birth weights were derived from observation 
of the birth certificates. Only since 1950 have birth certificates carried the birth 
weight in Illinois, and births previous to that time have not been classified. 
Conversely, there is no intelligence rating of the youngest children. A small 
number of the birth weights analysed are of children born into these families 
since the study reported above. Inclusion of these children should not result in 
any bias. 

Birth weights are recorded in pounds and ounces, and are presented in ounces, 
with the means being just over 7 pounds (112 ounces). The data for birth weight 
and intelligence are given in table 1. The children of consanguineous parents 
have lower mean birth weights and Otis scores, but the differences observed are 
not significant, and at this level, cannot be ascribed to causes other than chance. 
On the other hand, the consanguineous group shows a higher standard deviation 
for both of these characteristics, but only the standard deviations for Otis score 
differ significantly between the two groups (P < .05). 

The distributions observed have also been analysed for skewness and kurtosis 
using g; and ge, measures which have values of zero for normal curves. The 
values of g; , which is a measure of skewness, do not differ significantly from each 
other. However, the values for g2, which measures kurtosis, though not signifi- 
cantly different for birth weight, differ at the .01 level for Otis score. The high 
positive value of g. for the distribution of Otis scores among the children of 
cousins indicates that relative to a normal curve with this standard deviation 
there was an excess of children near the mean and at the extremes of the distribu- 
tion, and a deficiency at intermediate points. 

The two significant differences that have been observed are related to the 
greater spread of the intelligence scores of the children of consanguineous parents. 
Two exceptional children were present in this relatively small sample, one with 
a score of 57 and one with a score of 154. The standard deviation and g» for the 
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consanguineous group would still be higher than for the controls without these 
two children, but there would no longer be any statistical significance to the 
differences observed. 

The slight decrease in birth weight among the children of consanguineous 
parents is consonant with the observation on a larger sample of Japanese chil- 
dren reported by Morton (1958). Neither the data reported by Morton nor by 
us give evidence for or against the existence of recessive genes with major effects 
on birth weight. The analysis of variance of large studies of this type should 
clarify the problem. The existence of a major recessive gene for decreased intel- 
ligence may have been observed among the consanguineous group. The child 
with an unusually high score could, of course, be an example of the effect of 
homozygosity for a gene with a major favorable effect on intelligence score. The 
observation of a large number of such individuals would be needed to confirm 
the existence of this class of genes. It has been observed (Stern, 1957) that the 
frequency of truly great persons whose parents were closely related seems to be 
less than would be expected, considering the high frequencies of consanguinity 
that have prevailed at various times in the past. Perhaps man is not capable of 
achieving striking improvements in intelligence through the homozygosity of 
single genes. 


SUMMARY 


A study of the distribution of birth weight and intelligence scores of the 
children of first cousins and of a control group of children shows that there is 
an increase in the variability for these characteristics, but this is significant only 
for intelligence score. It is suggested that the effect of minor genes on these 
characteristics will be too small to be observed. However, large samples should 
show significant differences because of the effect of major genes acting to lower 
intelligence in a few individuals, and, perhaps, heretofore unobserved major 
genes which can raise intelligence and both raise and lower birth weight in a 
striking manner. 
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A Familial Chromosome Translocation 
Associated with Speech and 
Mental. Retardation 


P. S. MOORHEAD!, W. J. MELLMAN? CHARLES WENAR?# 


INTRODUCTION 


ALTHOUGH the karyotype of man was confirmed only recently (Tjio and Puck, 
1958) numerous human chromosomal anomalies have now been described. The 
first example reported concerned mongolism in association with trisomy for a 
small acrocentric chromosome (LeJeune, Gautier, and Turpin, 1959). The 
consistency of this association has been repeatedly confirmed by various workers. 

The prospects of ‘‘mapping” the human chromosomes in relation to pheno- 
typic clinical expression would seem discouraging in view of the polytypic nature 
of the human species. However, as reports of chromosomal anomalies accumulate 
it should be possible to draw certain conclusions from the correlation of clinically 
characteristic syndromes with cytological findings (Edwards et al., 1960 and 
Patau et al., 1960). Especially pertinent are family studies involving the trans- 
mission of a chromosomal abnormality thus permitting more valid comparisons 
between two or more affected siblings (B66k and Santesson, in press; and Penrose 
et al., 1960). 

The concurrence within a sibship of several children showing failure of speech 
development and various degrees of mental retardation suggested the possibility 
of a chromosomal aberration. The subsequent birth of a mongoloid and the fact 
that the parents were young and phenotypically normal heightened interest in 
this family as did the fact that none of the older children showed mongoloid 
stigmata. Physical, psychological, and cytological examinations were made of the 
eight members of the family. The findings of these studies and their possible 
genetic significance are presented. 


INVESTIGATIVE PROCEDURES 
Clinical evaluation 


All the children were examined for the presence of physical anomalies, and 
developmental histories were obtained. Family histories of the parents were 
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reviewed. Two children (V.T. and C.T.) were studied as in-patients at the 
the Hospital of the University of Pennsylvania at which time the neurological 
and radiological investigations reported were performed. 


Other studies 
[Acknowledgment and appreciation is expressed for the special determinations con- 
cerning chromatin sex, blood groupings, and urine chromatograms made for us by Dr. 
P. C. Nowell. Dr. Georg Springer, and Dr. L. A. Barness, respectively. (University of 
Pennsylvania School of Medicine and Hospital of the University of Pennsylvania)] 


1. Chromatin sex was determined by the neutrophil test of Davidson and Smith 
(1954). 

2. Blood groupings of the parents and four of the offspring were determined. 

3. Urines of all the children except the mongoloid (C.T.) were chromato- 
grammed for amino acids using a two-way solvent system (butanol-acetic acid- 
water and phenol-ethanol-ammonia). 


Psychological evaluation 
All the children and the mother were examined with special emphasis upon 
the differential diagnosis between autism and retardation. Where applicable the 
Revised Stanford-Binet (form L), Merrill-Palmer Seale, and Vineland Social 
Maturity Scale were used for evalvating the children. The Wechsler-Bellevue 
(form I) was used in testing the mother, and the father was tested by a prison 
psychologist, using the Revised Beta examination. 


Cytological evaluation 


Peripheral blood (10 ml) was obtained from each family member. From each 
sample leukocyte cultures were prepared and chromosome preparations made 
according to procedures detailed by Moorhead et al. (1960) based upon the air 
drying method of. Rothfels and Siminovitch (1958). Three day old cultures were 
sacrificed after pre¢treatment with colchicine (10-* M for 8 hours) and with a 
hypotonic solution. Permanent slide preparations (aceto-orcein stained) were 
scanned with low power optics for the selection of adequately spread metaphases. 
No metaphase was rejected for any reason after being thus selected. Counts of 
the total chromosomal complement presenting no ambiguity of interpretation 
were scored as “exact”? counts. A minimum of ten metaphases for each subject 
was chosen for dclailed analysis and a few for the making of karyotypes. 

Conventional nomenclature as outlined in the Report of a Study Group (Den- 
ver Conference of 1960), was followed in the presentation of karyotypes. How- 
ever, there is much disagreement concerning the demonstrable identification of 
certain chromosomes, especially in the X-12 group (Patau, 1960). The following 
general qualifications apply to the karyotypes here presented. Chromosomes be- 
lieved clearly identifiable in almost all cases were: #1, #2, #3, #16, #17, #18, Y. 
Chromosomes identifiable only as members of a group were: #* 4-5, X-12, * 13-15, 
* 19-20, * 21-22. In general it is felt that the appreciably larger size of X and #6 
occasionally allows a separation of these from 7-12 with some assurance. Within 
group ¥ 7-12 karyotypic arrays were made with primary attention to the arm 
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ratios which are regarded as more reliable than length, considering the variation 
in length normally encountered for any one chromosome. This procedure follows 
Tjio and Puck (1958) with *7 being the most nearly metacentric and each suc- 
ceeding pair being of a larger arm ratio. The particular assignments within this 
group as shown in the various karyotypic arrays are therefore admittedly open 
to question. 


CLINICAL AND PSYCHOLOGICAL EVALUATIONS OF THE FAMILY MEMBERS 
Father—38 years, Negro 

Physical growth and development: Unremarkable, height 7114 inches. 

Educated to the 8th grade in an industrial school. 

Unclassified psychiatric difficulties in military service, and currently under 
observation in a state prison. 

Psychological evaluation: I.Q. 91. Average intelligence. Shows impulsive and 
unstable behavior. 

Family history: No indication of mental retardation among parents and 5 
siblings. Mother and a brother have had ‘‘nervous breakdowns.” 


Mother—31 years, Negro 

Physical growth and development: Unremarkable, although she is the shortest 
of five female siblings. Height 61 inches. 

Educated to the 12th grade of high school. 

Menarche age 14—denies menstrual irregularities, abortions, or disturbances 
during any pregnancies. No irradiation other than routine chest examinations. 
Denies consanguinity with husband. 

Psychological evaluation: I.Q. 93 (Verbal Scale), average intelligence. 

Family history: No evidence of mental or physical abnormalities of parents, 
14 siblings or their offspring. 

Children 
M.T.—7 11/12 years, male. 

Physical growth and development: Unremarkable, walked at 17 months, has 
never developed intelligible speech. Height 47 inches. 

Psychological evaluation: I.Q. 68, mental age 5-5!5 years, Borderline Mental 
Defective classification. Social age 5-6 years. Completely mute exept for oc- 
vasional unintelligible sounds, representing attempts at vocal communication. 
Severe mutism not accounted for on the basis of simple mental retardation. 
Repertoire of social behavior extremely limited but appropriate. 

L.T .—6 years, female. 

Physical growth and development: Unremarkable, walked at 2 years, has 
never developed intelligible speech. Height 45 inches. 

Psychological evaluation: I.Q. 38, mental age 219 years, Severe Mental 
Defective classification. Social age 2 years. No evidence of intelligible speech, 
nor attempt to use sound to communicate. Minimal social awareness because of 
severity of intellectual retardation. 

V.T.—4 5/12 years, male. 
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Physical growth and development: Extremely retarded, sat at 10 months, at 
4 years is just beginning to pull himself to a standing position and has difficulty 
swallowing solid food. No intelligible speech, generalized muscular hypotonicity, 
especially of the lower extremities. Height 361% inches. 

Psychological evaluation: Social age 1 year. Not testable due to uncoopera- 
tiveness. Impression of severe intellectual retardation. Most of his activity is 
purposeless, with limited response to other people. Sufficient reality testing to 
rulé out autism. 

Laboratory studies: Spinal fluid—normal; electroencephalogram and pneu- 
monencephalogram—normal; x-rays—long bones, chest, skull, spine, and swal- 
lowing function normal. 

R.T 5/12 years, female. 

Physical growth and development: Unremarkable, walked at 17 months, 
spoke first words at one year, now speaks in sentences. Height 374 inches. 

Psychological evaluation: I.Q. 70, mental age 2-214 years, Borderline Mental 
Defective classification. Social age 3-4 years. Purposefulness and ability to 
concentrate in keeping with her age, but conceptual tasks commensurate with 
her age clearly beyond her ability. Speech best developed of children, but most 
of it was repeating the words of others; sentences she initiated were simple but 
complete. 

Y.T.—2 1/12 years, female. 

Physical growth and development: Unremarkable, walked at 18 months, 
feeds herself, uses no words. Height 32% inches. 

Psychological evaluation: Not formally tested. Social age commensurate with 
chronological age. 

C.T.—7/12 years, female. 

Physical growth and development: Mongoloid facies, hyperextensibility of 
joints. Supports head poorly and swallows solids with difficulty, makes no at- 
tempt to reach for objects. Length 23% inches. 

Laboratory studies: x-rays—skull, calcification of interclinoid ligament of 
sella turcica; spine and chest, negative; pelvis, ‘‘mongoloid changes” based on 
criteria of Caffey and Ross (1958). 


RESULTS OF OTHER STUDIES 


Chromatin sex: By the neutrophil test, the nuclear sex of the parents and sib- 
lings was found to be compatible with their assigned and phenotypic sex. 
Blood grouping: 
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Blood groupings of the children tested were compatible with those of the 
parents. 

Amino acid chromatography: By this screening technique no evidence of ab- 
normal aminoaciduria was found in the urines studied (all children except C.T. 
were studied). 


RESULTS OF CYTOLOGICAL STUDIES 


A compilation of all chromosome counts from metaphase cells of the eight 
members of the T. family are presented in table 1. For each subject a consistency 
was found in number as well as karyotype. Few “exact” counts deviated from 
the predominant mode for each family member. “‘Exact”’ counts below the mode 
are regarded as the result of occasional scatter of one or a few chromosomes from 
a metaphase group. In three cases where ‘‘exact”’ counts exceeded the mode, it 
was possible to detect which chromosomes were foreign to the metaphase group 
under study by differences in staining characteristics. In the two such cells of 
the mother (table 1) this impression was confirmed by analysis which revealed 
her expected karyotype of 45 plus a superfluous *3 in one chromosome group 
andjan extra #1, *2, and #10 (?) in the other. 


TABLE 1. DISTRIBUTION OF ALL CHROMOSOME COUNTS FOR THE EIGHT 
MEMBERS OF THE T FAMILY 


Chromosome Number 
<43 43 44 45 46 47 48 >48 Total Counts 


Father 3 1 32 40 cells 
(1) (2) (1) 


Mother 3 1 50 1* i* 58 cells 
(2) 


1 30 45 cells 


Sy 1 38 41 cells 
(2) 
1 1 36 52 cells 
(1) (1) (7) (3) (1) 
mt. 33 1 47 cells 
(10) (3) 
2 36 41 cells 
(3) 
2. 1 35 1 48 cells 
(1) (1) (6) (1) 


Upper figures are “‘exact’’ counts; lower ones, in parentheses, are ‘“‘doubtful’’ counts. 
* Denotes detected spurious counts due to contamination with chromosome(s) from an- 
other metaphase cell. 
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The chromosome number and karyotype (Fig. 1) of the father is “normal”, 
all chromosome pairs being recognized individually or by groups as follows: 
#1, *2, ¥3, ¥4-5, X-6 (?), ¥7-12, #13--15, 16, #17, #18, 19-20, *21- 
22, Y. 

The mother has only 45 chromosomes and lacks one of the medium-sized and 
one of the small acrocentrics (Fig. 2). The presence of an additional metacentric 
chromosome was noted and interpreted as the product of a reciprocal transloca- 
tion between the dissimilar-sized acrocentrics. Such a translocation retains most 
of the chromosomal material and is termed a ‘centric fusion’? by White (1954). 
Since this translocation chromosome was not distinguishable from chromosomes 
in the group #712, the possibility of trisomy must be considered. However, 
this necessarily implies monosomy, in the sense of complete absence of one chro- 
mosome, for one medium-sized and for one small acrocentric. It appears un- 
likely that monosomy for two chromosomes in addition to trisomy for a fairly 
large one should result in the normal phenotype of the mother. On the other 
hand, her phenotype is compatible with the assumption of a translocation. Fur- 
ther, if the mother were trisomic for one and monosomic for two chromosomes, 
the transmission of this complement to four of her six children would be a highly 
unlikely coincidence. 

The unpaired large acrocentric is tentatively identified as #13, since not 
more than three satellited members of the group * 13-15 were ever observed 
in the better preparations from the mother or from those children with the same 
karyotype. The choice of #13 over #14 was based upon the slight and often 
obscured difference in length between these satellited acrocentrics. Recent re- 
ports of satellites on all three pairs in group # 13-15 may render this ‘‘identifica- 
tion’ invalid. However, in our experience satellites have been observed on no 
more than 4 of the members of this group in normal material. For similar con- 
siderations concerning possible satellites upon both * 21 and #22 (Patau, 1960) 
identification of the unpaired small acrocentric in this material may not be re- 
liable. However, on the basis of its smaller size (mass?) it is tentatively identified 
as #22 and this seems to be a consistent interpretation in all five of the family 
members lacking one small acrocentric. 

In connection with the problem of positive identification of the unpaired small 
acrocentric in many of the best spread cells from the mother (and from some of 
the translocation-bearing children) an odd type of chromosome #21 was noted. 
Difficulties of interpretation and possible variation due to fixation artifacts make 
impossible any conclusive opinion but the small arm of one of the presumed 
#21’s appeared much larger than that usually observed (Fig. 3). While it is 
possible that this may indicate a more complex translocation than proposed 
above, such a postulate would not seem to clarify our understanding of these 
cytological results. 

Comparative measurements of the presumptive translocation chromosome 
place it within the size range for the * 7-12 group with an approximate arm ratio 
of 1.8-2.0. Its length relative to the entire normal complement expressed in 
parts per thousand is 45-49 and the expression for the sum of lengths for # 13 
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Fic. 3. Detail showing the three small acrocentrics in a cell of the mother of T. family. 


Note greater size of the short arm of one of the supposed #21 chromosomes. (Arrows in- 


dicate presumptive members of pair #21.) 


and #22 is 48 according to Levan and Hsu (1959), or 52, using values from Tjio 
and Puck (1958). A chromosome which may be considered as a candidate for 
the translocation which displayed a pale region at the base of the longer arm 
(Fig. 2) was frequently noted. This was seen on many occasions in material from 
the mother and from the translocation-bearing children; however, similar de- 
stained or pale regions have been seen, although rarely, in material not of this 
study. 

The four oldest children (M.T., L.T., V.T., R.T.) were found to possess the 
same karyotype as the mother: 45 chromosomes including the translocation 
(Figs. 4, 5, 6, 7). The fifth child (Y.T.) was found to be karyotypically normal 
with all 46 chromosomes accountable (Fig. 8). The infant mongoloid (C.T.) 
proved to be a classic #21-trisomic with 47 chromosomes and is apparently 
free of the translocation (Fig. 9). The sex chromosomes of each member of the 
family were identifiable within the limits discussed and consistent with the 


phenotypic sex. 
DISCUSSION 


The mother of this family bears an abnormal karyotype, carrying a transloca- 
tion involving two autosomes. The original exchange may have occurred in a 
generation preceding that of the mother. Mosaicism, especially in respect to the 
presence of the smaller product of the translocation, which would imply an ori- 
gin after the mother’s zygote formation, is not indicated (table 1). However, 
only her blood cells (and her gametes as represented in her progeny) have been 
studied. A prior elimination by non-disjunction (?) of the small centromeric 
element, the other product of the reciprocal exchange, seems to have occurred 
since no such “‘minute” was detected. The parents of the T. family mother were 
not available for study. 

The first four children inherited the translocation chromosome, the fifth was 
karyologically normal and the sixth a trisomic for #21. The presence in this 
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deficient. 


Meormal 
13 


Fic. 10. Diagrammatic representation of the translocation and products of a regular 


meiotic segregation. 


sibship of a normal child is not unexpected from a consideration of possible 
gametic classes. If we assume that #13 and #22 pair with their homologuc-, 
i.e., the arms of the translocation chromosome, and assume segregation to be 
regular we obtain two classes of gametes: ‘‘normal” [#* 13, * 22] and ‘“‘transloca- 
tion-bearing”’ | * 13/22] (Fig. 10). Each would provide a haploid complement 
except that in the latter type of gamete some genetic material may have been 
associated with the missing centromere and so eliminated with it. Should the 
two free acrocentrics, ¥ 13 and #22, segregate randomly with respect to the trans- 
location chromosome, additional gametic classes would be: [ # 13/22, * 22], [ # 13, 
null], 13/22, ¥ 13|,and |null, * 22]. None of these four possible duplication-de- 
ficiency gametic classes appear to be represented among the six children. Dupli- 
cation-deficiency offspring might be expected to be “‘lethals’”; however, it is 
notable that the mother has had no abortions (so stated) and has had 6 viable 
births during 7 11/12 years. Each of four translocation-bearers and the normal 
child (Y.T.) may be assumed to be a product of a regular segregation. 

The occurrence of a mongoloid child in this family is not likely to be a mere 
coincidence, especially as the mother was relatively young. This mongoloid 
(C.T.) shows the classic karyotype, trisomy for chromosome #21, originally 
described by LeJeune et al. (1959), later by Jacobs et al. (1959), and confirmed 
by ourselves and others. Therefore, the mongolism of this child may be assumed 
to have resulted from non-disjunction of * 21 during oégenesis in the mother. 

While not directly connected with the present translocation, the #21-trisomy 
in C.T. suggests that the genetic disturbance caused by the translocation and /or 
the deletion has rendered meiosis in the mother less regular or caused a general 
“lability” as suggested by Fraccaro et al. (1960), and thus led to non-disjunction 
of pair * 21. 

The anomaly inherited within this family is another instance of a translocation 
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involving a large and a small acrocentric (Turpin, LeJeune, LaFourcade and 
Gautier, 1959 and Polani et al., 1960) and adds to the several reports involving 
acrocentrics in general. This apparent propensity for centric fusion between 
acrocentrics has been noted by Fraccaro et al. (1960) and Polani et al. (1960) 
and discussed in connection with the presence of satellites and nucleolar organiz- 
ing regions. It may also be pointed out that these discoveries might be expected 
to precede the detection of less obvious translocations, such as might occur within 
the * 7-12 group. 

The translocation common to the mother and to four of her children is similar 
to that described by Turpin et al. (1959) in a 4% year old male with “‘poly- 
dysspondylism”. Both Turpin’s and our translocations appear to involve a 
satellited large acrocentric and a non-satellited small one. Turpin and co-workers 
(1959) tentatively identified their translocation as “probably between * 18 and 
# 22 of Tjio’s system” which would correspond to #13 and #22 of the conven- 
tion adopted here. However, one must reemphasize the stated provisional nature 
of these identifications. 

In Turpin’s case of ‘‘polydysspondylism”’ the child had malformations of the 
vertebrae, as well as slight growth retardation and a low normal level of intelli- 
gence. These authors commented that the child’s retardation of speech develop- 
ment and instability belied the measured intelligence. In the T. family, x-ray 
studies of one child (V.T.) bearing the translocation revealed none of the bone 
changes described by Turpin et al. (1959). 

Disturbances in the development of speech and intellect were prominent in 
the four siblings bearing the translocation. The mother has normal intelligence 
and speech function except for a mild speech hesitation. The intellect of those 
members with the same chromosome defect varies from the extreme retardation 
of V.T. {1.Q. untestable) and L.T. (I.Q. 38) to the significantly higher intelli- 
gence of M.T. (I.Q. 68) and R.T. (1.Q. 70) or even to average intelligence if the 
mother is included in the spectrum. 

Failure of speech development is clearly present in three of the four transloca- 
tion-bearing children and does not seem causally related to intelligence. The 
oldest child (M.T.) has adequate intelligence for speech development, is moti- 
vated to speak, but appears to have a speech aphasia. The child R.T. has only 
a mild degree of mental retardation and has acceptable speech activity for her 
age and intelligence. V.T. presents the picture of a child with a hypotonic organiz 
brain syndrome with severe retardation in mental, neurological and physical 
growth. 

The karyotype common to these four children and the mother may be best 
characterized as a hemizygous deletion for whatever genes and/or heterochroma- 
tin compromised the eliminated minute element. Of course, possible position- 
effects arising from the translocation chromosome itself must also be considered 
in seeking some common factor underlying the similarities of phenotypic expres- 
sion such as the speech involvement. On the other hand, the source of the varia- 
tion in expression of retardation could well reside in the individual genic back- 
grounds. The normal phenotype of the mother may indicate a genome capable 
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of overriding the deficiency ; whereas in all four of the children bearing this karyo- 
type, expression does occur and the father’s genic contribution may have been 
essential. Whether the translocation in this family does point to a valid correla- 
tion or a crude localization relating to speech and mental development remains 
to be proven. At any rate, maldevelopments restricted to the central nervous 
system are here associated with a common chromosomal rearrangement and 
should broaden an earlier emphasis upon multiple system defects. 

The extension of cytological examinations to the parents and siblings of chil- 
dren with karyological anomalies should prove of value to the human geneticist, 
in counseling as well as in research, and the techniques using peripheral blood 
make such an approach practicable. 


SUMMARY 


A family has been studied in which an autosomal translocation and totai 
complement of 45 chromosomes has been found in the mother and in four of 
her six offspring. The father and the fifth child are karyotypically normal and 
the youngest child is a mongoloid with trisomy for chromosome #21 and does 
not possess the translocation. 

The four children with the translocation chromosome have varying degrees 
of mental retardation with the most striking feature being a failure of speech 
development. 
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A Study of Somatic Chromosomes in a 
Japanese Population 


SAJIRO MAKINO ann MOTOMICHI SASAKI 


Zoological Institute, Hokkaido University 


THE CHROMOSOMES OF HUMAN BEINGS, in various tissues, have been investigated 
with a variety of methods by many authors since the end of the last century. 
Karly investigators found that the approximate chromosome number for man was 
from 16 to 32 until the appearance of de Winiwarter’s historic paper in 1912 
reporting 47 chromosomes in human males (cf. Makino, 1956). Later, Painter 
(1923) reported 48 chromosomes in both sexes, a value that was generally ac- 
cepted from then on by most authors, until in 1956 Tjio and Levan employing 
tissue cultures, and Ford and Hamertor. with testicular material, provided the 
findings that the number of chromosomes in man is in fact 46. Their information 
awakened new interest among cytologists and geneticists, and their findings were 
re-examined, use being made of improved techniques mainly for human cell 
cultures from different populations by severa! other authors. As a result the con- 
sistent counts of 46 reported by Tjio and Levan were confirmed (Hsu et al., 1957; 
Ford et al., 1958, 1959a, b, ¢; Tjio and Puck, 1958; Makino and Sasaki, 1959, 
1960; Chu and Giles, 1959; Lejeune et al., 1959a, b; Levan and Hsu, 1959, and 
others). It is evident that the recent development of techniques for the reliable 
cultivation of tissue cells in vitro from any individual and the availability of a 
simple and exact method for delineation of chromosomal elements in such cells 
or from bone-marrow biopsies have served to a great extent to produce reliable 
information. 

Increased knowledge regarding normal human chromosomes is desired in many 
fields of research for understanding chromosomal changes and their stability un- 
der various physica! and chemical influences, the nature of malignancy, the anal- 
ysis of cytogenetic abnormalities, the identification of the genetic sex in inter- 
sexual individuals and the analysis of infertility. Further, a chromosome study of 
Japanese material is necessary on account of Kodani’s controversial findings 
claiming that a chromosomal polymorphism occurs in Japanese and European 
populations (Kodani 1957, 1958). In the present study, the somatic chromosomes 
of 41 aborted Japanese embryos have been analysed in normal cells from a variety 
of organs and mostly grown in vitro. The results obtained provide additional 
evidence in support of similar findings by other workers based on European and 
American whites and Negroes. 


Aided by a grant from the Rockefeller Foundation for research in cytology. 
Received August 8, 1960. 
Contribution No. 470 from the Zoological Institute, Faculty of Science, Hokkaido Uni- 
versity, Sapporo, Japan. 
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MATERIALS AND METHODS 


The objects of the present observations were tissue specimens from various 
organs of forty-one legally aborted Japanese embryos varying in age from 2 to 7 
months, and mostly grown in vitro for varying lengths of time. Table 1 lists the 
material under study in terms of the specimen number, age, and sex of embryos, 
and organs from which the material originated as well as the number of cells on 
which exact and rough counts of chromosomes were made. The embryos comprise 
4 males, 3 females and 34 foetal specimens in which the sex was undetermined on 
the basis of sexual structures. Most df the tissue specimens used for cultures 
were obtained from fresh embryos immediately after removal, but some were 
derived from foetuses 6 to 24 hours after abortion or which were stored at 4° C 
for 6 to 13 days in the culture medium. 

Most of the specimens used for this study were based on tissues grown in vitro, 
derived from thirty-nine embryos. The samplings were made exclusively from 
primary cultures. Prior to cultivation the tissue specimens were placed in Earle’s 
balanced salt solution containing penicillin (1000 units/ml) at 4° C fora few hours. 
They were then cut into pieces 1 to 2 mm on a side and planted directly on the 
glass surface of culture flasks without applying a plasma clot and incubated at 
37° C. Four different kinds of nutrient media were employed for culture. The 
general procedures for slide preparation for the chromosome study, with slight 
modifications, followed those described in the authors’ preliminary report (Ma- 
kino and Sasaki, 1959). After 4 to 34 days of cultivation in flasks, cells grown on 
the surface of the glass wall were treated with a cholchicine solution (50 K 107% 
M) for 2 to 5 hours at 37° C. After being trypsinized with a 0.2 per cent solution 
for about ten minutes at 37° C, the culture material was then centrifuged for 
about 5 minutes at 1000 rpm. To the cell deposits placed on slides an approxi- 
mately equal volume of distilled water was applied for 5 to 10 minutes. The 
samples were then mixed with a drop of acetic dahlia solution and squashed. It 
should be mentioned here that the cultures made from the frozen foetuses or 
from those left untouched for several hours after removal grew sufficiently well 
for study and revealed an unchanged chromosome condition. 

As a supplement to the cultured material non-cultured tissue fragments re- 
moved from several different organs of six embryos were sampled (table 1). The 
slides were prepared according to the water pretreatment squash method (Ma- 
kino, 1957). Pieces of tissue 3 to 4 mm square were transferred to tap water for 
about 30 minutes and then stained with acetic dahlia for 5 to 10 minutes. Squash- 
ing was done on the slide by applying an even finger pressure on the coverslip. 

Doubtful metaphase plates from obviously broken cells or those showing 
clumped chromosomes which were possibly induced by technical accidents and 
might result in erroneous counts, were rejected from this report. As summarized 
in table 1, the present study was carried out with 53 samples based on various 
organs including heart, lung, liver, spleen, skin, brain, muscle, kidney, bone. 
intestine, eye and the whole or a portion of the foetal body. 


TABLE 1. CHROMOSOME COUNTS IN SOMATIC CELLS OF 41 DIFFERENT 
PRESUMABLY NORMAL HUMAN EMBRYOS IN ALL OF WHICH 
A BASIC NUMBER OF 46 WAS FOUND 


| Exact count | Rough count 


| | | Days 
Embryo No. | Age (Months) Sex Organ of origin | in — ee eae 


| | vitro| \47 02 Total| 2n 4n | 8n | Total 


In cultures from 39 individuals 


4 | Heart 7/3 | | 3| | 
Lung 
2 2 ? Portion of body | 10} 2| | | 2| | 
Liver | 10 1| 1 
3 | 7 | @ | Lung 34] 6 | 6| 96) 4 100 
Heart | 34] 23) | 23 94) 6 100 
Spleen | 21 | 23) | 23] 100 100 
4* 5 | Skin 113 | 16) | 16 | 100 100 
5* 6 Q | Skin | 8 | 11) | | 2/1] 100 
7 3 2 | Skin 7/30; | | 30| 99] 1] 100 
8 2 ? | Whole body | 6/10} | | 10] 99] 1 100 
ot 2 | | Whole body 114] 3} | 1a] 4] #36] 1 37 
11 | 3 | ? | Heart | 20; 2 2 12 | 12 
12 3 | ? | Skin | 6| 14, | | 14] 98] 2 100 
15t 3 ? | Skin | 4/ 8 | | 8 48 | 48 
16 2 ? Whole body |} 23 | i. 2 18 | | 18 
17 2 ? | Whole body | 7] 16 1} 17 98 | 2 100 
is | 3 ? | Skin | 8| 6 6| 19 19 
19 2 ? Whole body 8| 5 5 99; 1} 100 
20 3 ? | Skin | 8| 4 4| 31 31 
22 2 ? Brain | 8 1 1 | 8 8 
23 #| 3 ? | Lung | 8] 13) | | 13] 100] 100 
24 2 ? Whole body | 6 2| 2; 19 | 19 
26 3 ? Skin | 6 | 31) 31 | 100 | 100 
31 2 ? Whole body 118] 2 2] 50] 50 
32 2 ? Whole body | 8] I 1 11 | 11 
3 3 | Skin | 9| 1] 46 
34 | 3 ? | Heart | 8 16, 16} 100 100 
35* 5 | Lung 10 | 12} | 1) 13] 97] 3) 100 
Muscle | 17| 7 7| 96| 4| 100 
36 2 ? Whole body 16 1, 8 99 | 1 | 100 
37 3 ? =| Liver | 6| 3 3| 28 28 
38 3 ? Kidney 13 5| 5 97; 3 | 100 
39 4 ? Skin | 6 | 16 Ie*| 17 97; 3] | 100 
40 4 | Skin 1} 14] | 14 
46 3 ? Bone | 7] 5 | 5| 33 | | 33 
Eye : 2) 2 20 | | 20 
Skin 7 | 11) 11} 99} 1 100 
| Portion of body | 11| 2| 27] | | 27 
48 | 3 ? Intestine | 8 | 13] 13| 4) 100 
49 | 3 ? Portion of body | 11 | 7 7/ 99} 1| | 100 
51 2 ? | Brain 6/11} | | 11} 99! 1] | 100 
53 | 3 ? Skin 6 | 9 | 9| 98] 2] | 100 
Lung 9/24 | | 24| 100) 100 
54 Lung 19| 7 7) 96] 4) 100 
55 6 9 Spleen 113] 8 8| 98) 2] 100 
56 2 ? Portion of body | 18 | 3 3 27 | 27 
In non-cultured tissues from 6 individuals 
47 2 ? Liver 4 4 
48 3 ? Intestine 2 2 
53 3 ? Liver 1 | 
54 4 ? Liver 1 | 
57 2 ? Portion of body 2 =. 
58 3 ? Intestine 4) 4 | 
41 Indiv. (2-7 months} 4 | 53 samplings 4-34 428, 1) 4) 433 | 2997 | 50 | 1 | 3048 
| 3 9 | | | } 


* Embryos left at room temperature for 6 to 24 hours after removal. 
+ The tissues were cultured after storage of the embryo for 6 to 13 days at 4°C. 
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RESULTS 


The very simple tissue culture technique gave excellent and reliable slides for 
the delineation of chromosomes. Though specific tissues were not isolated from 
any organ, cells with a fibroblast-like morphology in the primary cultures origi- 
nated from heart, spleen, skin, muscle, bone, intestine and eye, while those with 
an epithelial-like appearance were obtained from brain and kidney. In the lung 
and liver cultures cells of both types made their appearance. The samples from 
non-cultured tissues provided supplemental evidence to that derived from cul- 
tured material, though reliable metaphase plates were rather difficult to obtain. 

Number of chromosomes: The greater part of the following observations was 
carried out exclusively with cells in primary cultures. 

Results of chromosome counts are summarized in table 1. Of a total of 433 cells 
on which exact counts were made, 428 showed a consistent value of 46 (Figs. 1-2, 
and 7-14), leaving only 5 cells or 1.15 per cent which were exceptional in having 
deviations from the diploid number; 92 chromosomes were found in 4 cells (Figs. 
17-18) and 47 chromosomes in 1 cell (Fig. 15). Cells having 92 chromosomes were 
tetraploids: they were found in cultures originated from embryos 9, 17, 35 and 
36. Number 9 was a refrigerated embryo, while No. 35 was a specimen which had 
remained at room temperature for 18 hours before culture. The single cell having 
47 chromosomes was found in a skin culture from embryo 39. The sample from 
this embryo allowed exact counting in 17 cells of which 16 showed 46 chromo- 
somes. All 14 cells from the non-cultured samples which allowed reliable counts 
showed the number 46 (I’ig. 16). It is evident from these results that in almost 
all of the cells, namely 98.85 per cent, on which exact chromosome counts were 
made, the chromosome number was 46, and the incidence of polyploidy was very 
small. 

Results of rough chromosome counts may supplement these findings. They 
were done on a total of 3048 cells in culture. As can be seen in table 1, 2997 were 
diploids (98.33 per cent), 50 tetraploids and there was one octoploid cell. 

On the basis of these observations, it appears that regardless of age, sex and 
organ, culture medium, and duration of culture within the limits of the present 
study the chromosome number so far established in somatic cells of different 
normal human subjects is always 46 and the incidence of polyploidy is very small. 
These results extend those of the authors’ preliminary studies on Japanese em- 
bryos (Makino and Sasaki, 1959, 1960). They are in good agreement with recent 
reports by others for whites and Negroes as cited in the introduction. There was 
no evidence for the presence of supernumerary chromosomes. 

Morphology of the chromosomes: The morphology of the individual chromosomes 
was analysed on the basis of their size, shape, the position of the centromere and 
the sex chromosomes. The ideogram analysis was done on 17 reliable metaphase 
plates in which no one element showed any shadow of obscurity. The quality of 
the metaphase chromosome plates can be seen in the representative photographs 
of cells which were derived from different individuals of both sexes (ligs. 1-2 
and 7-14). Individual chromosomes were cut from such photographs. They were 
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Figs. 1-2. Photomicrographs of metaphase plates in normal human somatic cells grown 
in vitro. 1, from an intestine culture, X3100. 2, from a spleen culture, X3200. X and Y indi- 
cate chromosomes that might be the sex elements. 
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TABLE 2. RELATIVE LENGTHS AND ARM RATIOS OF HUMAN CHROMOSOMES 


Group Relative length Arm ratio 
(Pair no.) Average Range Average Range 

84 77-88 1.0-1.4 

2 79 75-86 1.6 1.5-1.8 

3 66 61-68 cA 1.0-1.3 

4 61 58-64 3.1 2.6-4.0 

! 5 58 54-61 2.8 2.0-3.6 
6 55 53-62 1.5-2.0 
Xx 50 48-53 2.1 1.9-2.2 
7 49 46-54 1.6 1.4-1.9 

8 46 43-49 1.6 1.3-1.8 

9 44 43-47 2.2 1.9-2.8 
10 43 40-47 1.6 1.3-1.8 
11 43 41-46 2.3 2.0-3.0 
12 41 39-43 2.1 1.9-2.5 
13 40 36-43 6.4 5.2-8.0 
14 35 33-36 5.9 3.9-7.7 
15 34 32-35 6.4 4.5-8.7 
16 30 25-34 1.5 1.2-1.9 
17 29 26-34 2.5 2.2-3.0 
18 28 24-30 2.7 2.3-3.4 
19 25 22-26 1.3 1.0-1.7 
20 21 19-23 1.2 1.0-1.4 
Y 21 20-23 3.1 2.5-3 .6 

7 20 19-22 3.1 2.5-3.7 
22 19 17-20 3.1 2.7-4.6 


compared and aligned according to their size and the position of their cen- 
tromeres. In addition, camera lucida drawings of the chromosomes were made as 
accurately as possible from the same cells and the alignment was carried out in a 
similar way with the drawings. In order to obtain the diagnostic characters of 
individual chromosomes, the relative lengths, and the arm-ratios were calculated 
on the basis of measurements of enlarged photographic prints (table 2).' The data 
obtained were utilized in arranging chromosomes into pairs that might be hom- 
ologues. According to a system of nomenclature proposed by the Human 
Chromosomes Study Group (which met in Denver, Colorado, April 1960, see 
this Journal 12: 384), the autosomes were serially numbered with arabic numerals 


1 The length of each chromosome relative to the total length of a haploid set containing 
the X, i.e., where the sum of the lengths of the 22 autosomes and of the X equals 1000 arbi- 
trary units. The arm ratio of the chromosomes is expressed as the length of the longer arm 
relative to the shorter one. The calculations were based on the average of measurements of 
chromosomes in 3 male cells and 2 female cells from different individuals, i.e., of 10 homolo- 
gous chromosomes of each kind. The arm ratios of the sex chromosomes were calculated 


from measurements in 7 male cells and 4 female cells for the X, and of 10 male cells for the Y. 
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Fics. 3-4. Karyotype analyses of human somatic complement. 3, male karyotype from a 
kidney culture. 4, female karyotype from a lung culture. 


from 1 to 22 as nearly as possible in descending order of size. The chromosomes 
that were tentatively selected as sex chromosomes were placed last without 
numbering since they lie outside of the autosomal series. The 22 autosomes were 
classified into seven groups. Within each group the chromosomes were arranged, 
for the most part, according to size. In some groups, however, the distinction be- 
tween the chromosomes was rather difficult on the basis of the criteria available 
in the authors’ preparations, and therefore, the arrangement of chromosomes in 
such instances was an approximation. 

Results of the ideogram analysis are shown in Figs. 3 to 6. These were the same 
for all cells studied and are in general agreement with those of recent investiga- 
tions employing materials in cell culture. The arrangement of the supposed 
homologous chromosomes into pairs was carried out with considerable difficulty? 

The characteristic morphological features which aid in individual chromo- 
some identification in each group are as follows (Figs. 3 to 6): 

Group 1-3 consists of three pairs of large chromosomes, each of which is char- 
acterized by a relatively median centromere. They are readily distinguishable 
from each other as well as from other elements by their characteristic size and the 
position of their centromeres. Group 4-5 contains two pairs of large chromosomes 
with submedian centromeres. The results of measurements showed that chromo- 
somes 4 are slightly longer than those of number 5. 


3 In some groups there were a few chromosomes superficially identical in size and shape 
without any distinguishing characteristics, or some single chromosomes exhibited certain 
modifications of size and shape as a result of unusual elongation or contraction of the chro- 
matids due to technical accidents. In such cases therefore, only an approximate matching of 
homologous chromosomes was possible. 
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The chromosomes arranged in group 6—12 are those of medium size and are 
characterized by nearly submedian centromeres. This group contains the chromo- 
somes which are the most difficult to identify. They are apparently similar in 
size and shape, variation in length being continuous and the difference between 
the longest and the shortest ones being small. Because of the difficulty of identi- 
fication, their arrangement in homologous pairs is only approximate. 

Of importance is the fact that a chromosome which lies in a range of the longer 
chromosomes is solitary without an homologous mate in male cells, but it is 
paired with an identical partner in female cells. It may be inferred that this 
chromosome is the X element. It will be discussed in the following section. 

Group 13-15 is represented by three pairs of medium sized chromosomes with 
nearly terminal centromeres, being acrocentric in structure. Some difficulties 
were encountered in the identification of these elements because of their similar- 
ity in length. However, chromosomes of the 13th pair can be identified because 
they have a satellite on each short arm. The members of the 14th pair were de- 
scribed by some authors as having a tiny satellite on each short arm, but it was 
not easy to detect this structure in most preparations. Group 16-18 consists of , 
three pairs of short chromosomes having median or submedian ceniromeres. 
Group 19-20 contain two pairs of short chromosomes carrying approximately 
median centromeres. 

The chromosomes forming group 21—22 are remarkable in being very small and 
acrocentric in structure. They are easily distinguishable from those of other 
groups on account of their outstandingly small size. In good preparations, each 
of the 21st pair was found to carry a tiny sa‘elite on its short arm. 

The size of the Y chromosome resembles that of group 21-22. Comparison of 
the chromosomes between the two sexes revealed that there were five such small 
elements in male cells and four in female cells. The Y chromosome will be dis- 
cussed in the following section. 

Sex chromosomes: Results of ideogram analyses have made it clear that two 
elements, one large and one small, remain without homologous partners in the 
male complement, while the female complement possesses two of the larger ones 
and no smaller one. The only difference between the chromosome complements 
of the two sexes rests in these two particular elements, since no other chromo- 
somes differ significantly either in relative length or other morphological features 
between the two sexes (Figs. 3-6). It is evident therefore, that these particular 
elements are the sex chromosomes of man. 

The X chromosome was observed as one of the larger medium sized chromo- 
somes, with a submedian centromere, and having an arm ratio of 2.1, the mean 
value found for 11 cells. Its relative length falls between the 6th and 7th auto- 
somal pairs in most slides. The X chromosome is generally difficult to identify 
with certainty in the whole complement for the reason that in many cases its 
distinction from some chromosomes of like size lying in group 6-12 is not easy. 
In the authors’ view at the present time it is preferable to admit that the identi- 
fication of the X is uncertain in the somatic metaphase. The Y chromosome is 
apparently similar to, or sometimes slightly larger in size than autosome 21. It 
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Fics. 7-12. Photomicrographs of human somatic chromosomes, from cells grown in vitro, 
all having 46 chromosomes. 7, spleen, X1350. 8, spleen, X1900. 9, skin, X1660. 10, heart, 
1500. 11, lung, X 1500. 12, kidney, X 1560. X and Y indicate chromosomes that might be the 


sex elements. 
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Fics. 13-18. Photomicrographs of human somatie chromosomes, from cells grown in 
vitro, except Fig. 16. 13, skin culture, 46 chromosomes, 1660. 14, lung culture, 46 chromo- 
somes, X2100. 15, a cell with 47 chromosomes, skin culture, X 1500. 16, from a squash prep- 
aration of non-cultured intestine, 46 chromosomes, X2200. 17-18, tetraploid cells having 92 
chromosomes. 17, X1000. 18, 1200. 
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appeared to be acrocentric carrying an exceedingly short arm. Its arm ratio was 
measured as 3.1, an average based on 10 cells. Generally, the Y element was 
comparatively well differentiated in many metaphase plates by virtue of its 
condensed or pycnotic condition, probably due to its heterochromatic nature, 
from the four small autosomal elements of nearly like size, as well as from all 
others.’ There were no significant differences among the X chromosomes or 
among the Y chromosomes from various organs, or from different individuals. 
Similarly, the autosomes of cells from various organs of the same or of different 
individuals did not differ significantly either in relative length or in other mor- 
phological features. 

The number of the smallest acrocentric chromosomes provides a useful criterion 
for the diagnosis of sex, even in morphologically not sexually identified human 
foetuses. For instance, the sex of embryos 2, 26, 38, 29, 48, 53 and 58 in table | 
was not determined at the time of abortion, but the chromosomal diagnosis in 
cells derived from these specimens revealed them to be males, on the basis of the 
existence of the five smallest acrocentric chromosomes. 

Chromosome analysis in a cell with 47 chromosomes: A cell having 47 chromo- 
somes was found in a skin culture from the male embryo 39. Ideogram analysis 
made it clear that this cell contained 22 median-submedian, 15 submedian-sub- 
terminal and 10 acrocentric chromosomes (Fig. 15). It thus is evident that the 
numerical change was not attributable merely to the increase of one additional 
element such as a supernumerary chromosome. 


DISCUSSION 

Only in recent years have convenient and reliable techniques been available 
for the delineation of chromosomes in cells in tissue culture. The use of prefixation 
treatment with a hypotonic solution following the work of Hsu and Pomerat 
(1953) has made possible the preparation of excellent slides which strikingly en- 
hance the accuracy of chromosome analyses in mammalian cells over those ob- 
tained with older methods. These techniques have yielded important results in 
the field of cytogenetics among which was the discovery by Tjio and Levan (1956) 
of the correct somatic chromosome number for man. This information now has a 
new role to play in the analysis of chromosomal abnormalities in human subjects 
with congenital diseases and in the investigation of the nature of human neoplasia 
(Ford et al., 1959a, b, c; Tjio et al., 1959; Lejeune et al., 1959; Hungerford et al., 
1959; Makino e¢ al., 1959; Fraccaro et al., 1959; Jacobs et al., 1959; Sasaki and 
Makino 1960; and Puck et al., 1960). 

In the present study information has been obtained regarding the chromosome 
number and morphology in somatic cells which originated from a variety of 
organs of 41 different Japanese individuals (table 1). The results obtained indi- 
vated that regardless of sex, age, organ and culture medium, the diploid number 
of chromosomes in normal subjects was 46, and the incidence of polyploidy was 

3 In a preliminary report the authors (Makino and Sasaki, 1960) described the Y to be the 


smallest in the whole complement. Further detailed observations justified the correction 
made herewith. 
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very small. Chromosome counts were the same for cells either in culture or tissue 
squashes. Thus, the present observations on Japanese supplement similar findings 
by others on different human races including European and American whites and 
Negroes. 

Except for the morphological difference in the sex chromosomes between male 
and female cells, the chromosomes were identical in all specimens studied. Also, 
there was no difference among the X or Y chromosomes from different individ- 
uals. There is thus no evidence of chromosomal polymorphism in the Japanese 
population, so far as the scope of the present study is concerned, and these find- 
ings are in agreement with those for other human populations. The ideogram 
established here for the Japanese does not differ significantly from those reported 
for European and American whites. 

At present there are only two authors who, since 1956, have reported basic 
chromosome numbers other than 46 in presumably normal human individuals. 
Chang (1959), using sectioned material from a female Chinese fetus reached the 
conclusion that there were 48 chromosomes in her oogonia. Kodani, (1957, 1958) 
in studies of testicular cells of Japanese and American whites found that some 
individuals have 46 chromosomes, others 48, and one showed 47 chromosomes. 
According to Kodani, 46 chromosomes are common to all individuals, and indi- 
viduals with 47 and 48 chromosomes have one or two supernumerary chromo- 
somes in addition to the basic 46 chromosomes. The problem of chromosomal 
polymorphism involving supernumerary chromosomes in plants, animals and 
man has been discussed by Stern (1959) from the cytogenetie standpoint. The 
results of Kodani are in disagreement with all other recent findings including 
those reported in the present paper and those discussed in considerable detail by 
Chu and Giles (1959). The reports of Kodani have suggested that the frequencies 
of individuals having 47 and 48 chromosomes are considerably higher in Japanese 
than in European and American whites. Data obtained in the present investiga- 
tion based on 41 different Japanese individuals showed in all cases a count of 46. 
The present data pertain only to somatic cells. It seems important to examine the 
chromosome number in both germ line and somatic cells, since divergence in 
chromosome number between these tissues has been reported for certain animals. 
However, data presented by Ford and Hamerton (1946) and Chu and Giles 
(1959) based en both germinal and somatic cells of the same human individuals 
(whites) furnished no evidence of variation in chromosome number and consist- 
ently showed counts of 46 in the two types of cells. .In view of the limited data 
available, it is too early to discuss further the problem of chromosomal poly- 
morphism in man. On the basis of the fact that the number of human individuals 
in which the diploid number of 46 has been recorded by recent authors may now 
be more than 150 including those of the present study, it is reasonable to conclude 
that this is the correct number for man. The evidence presented by Chang (1959) 
is not convincing since his counts were based on sectioned material showing 
chromosomes which were clumped together beyond hope of recognition of their 
exact morphology and number. 

Many authors (Ford et al., 1958; Tjio and Puck, 1958; Chu and Giles, 1959; 
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Levan and Hsu, 1959; and some others), have undertaken measurements of 
individual chromosomes based on their drawings or photographic prints. The 
results of chromosome measurements in the present study are shown in table 2. 
There are variations in the reports of various authors. It is highly probable that 
many of the discrepancies have resulted from different methods of pretreatment 
and preparation, but not from fundamental differences in the human races which 
were sampled. One of the present authors (M. 8.) has undertaken some experi- 
mental studies on the effects of various procedures of colchicine- and water-pre- 
treatments and of different degrees of pressure at squashing. Preliminary results 
suggest that in the markedly contracted state, centromeres appear to be more 
median than in chromosomes in a less contracted condition, longer chromosomes 
are more strongly contracted by colchicine-treatment than the shorter ones in the 
same cell, and the degree of chromatid condensation is not always proportional 
in all chromosomes (Sasaki, 1961). 

The results of independent chromosome analyses carried out by several recent 
authors have provided somewhat different views for the identification of the X. 
Tjio and Puck (1958) have reported that the X is rather similar to chromosome 
number 6, but differs from the latter in being slightly larger and in having its 
centromere in a somewhat less median position. Chu and Giles (1959) have stated 
that the X is about the same length as chromosome number 5 but with a more 
median centromere. Though these two groups of authors did not reach identical 
conclusions, they are at least similar. Lejeune ef al., (1959a, b) have identified 
the X as one of the smaller elements approximate to the 12th chromosomes. 
Ford et al., (1959a, b, c) and Levan and Hsu (1959) seem hesitant to make any 
decisive statement on the identification of the X element in the somatic meta- 
phase. In an ideogram analysis based on a bone marrow cell, Ford et al., (1959a) 
have shown that the X falls between the 6th and 7th autosomal pairs in decreasing 
order of length. The results of the present study are generally closer to those of 
Ford et al., (1959a) and Levan and Hsu (1959) than to those of other workers, 
since the X was recognized as one of the larger medium sized chromosomes which 
seems to rank it in descending order of size between the 6th and 7th autosomal 
pairs. For the moment the present authors consider that in many cases the iden- 
tification of the X in the somatic complement is difficult and rather uncertain, in 
conformity with the view of Levan and Hsu (1959). It appears that the various 
views on the X chromosome of man by different authors may be due to different 
methods of preparation, and not to racial differences. 

In contrast to the X, the Y element is relatively easily recognized. Recent 
studies are in general agreement that the Y is apparently one of the five smallest 
acrocentric chromosomes in the male complement. It is usually well differentiated 
from others of like shape and size on account of its condensed configuration 
probably due to its heterochromatic nature. The presence of a Y chromosome in 
the somatic complement is used advantageously for the diagnosis of the genetic 
sex of cells in culture (Hsu et al., 1953), or of human subjects from which the cells 
were sampled. Such a chromosomal diagnosis made possible the identification of 
the genetic sex of individuals with varying degrees of clinical hermaphroditism 
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and with some other genetic defects (Ford et al., 1958, 1959a, b, ¢; Tjio et al., 
1959; Lejeune ef al., 1959a, b; Hungerford et al., 1959; Fraccaro et al., 1959; Ja- 
cobs et al., 1959; Sasaki and Makino, 1960; Puck et al., 1960; and others). The 
same procedure was also successfully employed in this study for the identification 
of sex of otherwise sexually undetermined foetuses. 


SUMMARY 


Information was obtained on the chromosome number and morphology in 
somatic cells which originated from a variety of organs of 41 different Japanese 
individuals. The greater part of the observations were carried out with cells in 
primary cultures established from various organs of 39 aborted embryos aged 
2 to 7 months, which include 4 males, 3 females and 32 foetuses whose sex was not 
determined by gross examination. Cells squashed directly from several organs of 
6 fresh foetuses of unknown sex were also studied. The results, as shown in table 1, 
indicate that regardless of sex, age, organ and culture medium, in all cases the 
somatic number of chromosomes was 46 with a small incidence of polyploidy. In 
a total of 433 cells in which exact counts were made, 428 cells (98.85 per cent) 
showed consistently 46 chromosomes. Rough counts were performed on 3048 
cells of which 98.33 per cent were diploid. 

Individual chromosomes were characterized on the basis of their size and the 
position of their centromeres. Neither the autosomes nor the X and Y chromo- 
somes showed significant differences among cells from various organs of the same 


_ or of different individuals of both sexes. No evidence for chromosomal polymor- 


phism was found in the somatic ¢ells of the Japanese population here under 
consideration. 

The X chromosome was observed as one of the larger medium sized elements 
which approximately ranks between the 6th and 7th autosomal pairs in the 
descending order of size. The Y chromosome was recognized to be one of the five 
smallest acrocentrics in the male complement. The number of the smallest 
acrocentrics in somatic cells served to identify the sex of foetuses whose sex had 
not been determined by external features. 
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Addendum in proof: Since this article was submitted, we have continued, with 
the cooperation of two other colleagues, to collect further data on the chromoso- 
mal condition in a Japanese population. Reliable counts have been made in cul- 
tures of various organs of 54 different embryos aged 2 to 7 months. In a total of 
1422 cells in which exact counts were made, 1395 cells (98.1%) showed consist- 
ently 46 chromosomes, leaving only 27 cells (1.9%) which were exceptional in 
showing deviations from the diploid number 46; 92 chromosomes (4n) were 
found in 20 cells, 69 chromosomes (37) in 3 cells, 47 chromosomes in 2 cells and 
45 chromosomes in 2 cells. The details will appear elsewhere in the near future. 
(February 2, 1961) 
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A Case of Phenylketonuria in the Eta 
Resulting from the Mating of a 
Homozygous Hather and a 
Heterozygous Mother' 


NORIO FUJIKI,2 ARTHUR L. DREW,? MUNETAKA MIYAKE,! HIROKI 
NEMOTO,® CHOKUDO SUJAKU,® ann TSUNEHIRO SHIMADA? 


RecENTLY Tanaka et al. (1958), in a large-scale nationwide survey of phenyl- 
ketonuria in Japan found 9 previously unreported cases. The present paper 
describes an interesting family, the propositus of which is among Tanaka’s cases 
and is the child of a phenylketonuric father.!Two other instances of this type of 
breeding are known (Jervis, 1939; Cohen and Kozinn, 1949). 

The propositus ([V-8), an 18 year old female, was first seen by one of us in 
an institution for the mentally retarded in Hiroshima, Japan. Examination of 
this girl revealed a somewhat malnourished young woman with an eczematoid 
rash on her face and upper extremities. Her hair color and eye color were entirely 
normal, and there was no evidence of any depigmentation. Her speech was unin- 
telligible, accompanied by meaningless cries. The neurological examination and 
general physical examination were entirely within normal limits. 

Laboratory investigation revealed a strongly positive urinary reaction with 
both ferric chloride and dinitrophenylhydrazine. At the time of our examination, 
it was learned that both mother and father of this patient were reported to be 
mentally deficient, and a field trip was made to investigate all available members 
of the family of the propositus. 

Twenty-five members of the immediate family were examined. Father, mother, 
and maternal grandmother denied any possibility that the propositus was il- 
legitimate. No history of consanguinity was obtained by interview. However, 
consanguinity may be presumed with fair safety, since this family belongs to 
the Eta Buraku (Inoue, 1959) (Hayashida, 1957). 

The Eta of Japan occupy the position of the untouchable. For centuries, those 
persons who worked with flesh or its products have tended to be isolated socially 
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from the remainder of the population. They have aggregated into groups and 
formed communities which are called Eta Buraku. Marriages occur only within 
the Eta groups, and the incidence of consanguineous marriages are, as a conse- 
quence, relatively high. 

With respect to the family here described, it is said that some 600 years ago, 
their ancestors came from Kyoto to serve the Ichinomiya Shrine and formed the 
present village in which this group was examined. The villagers derived their 
living from the manufacture of bamboo tea whisks, and were known as Chasen. 
Eighty years ago in this area, there were four households consisting of 20 per- 
sons. Today, there are 8 households of about 40 persons in all. 

Because of the unusual nature of the Eta Buraku groups, it might be of in- 
terest to discuss this social phenomenon briefly. At present, in Japan, there are 
said to be about 6,000 Eta Buraku villages containing some 3,000,000 Eta. The 
existence of this phenomenon is a remnant of Japanese feudalism, and even now, 
the Eta are deprived of freedom of marriage, profession and residence, and live 
in the depths of poverty and social and economic isolation. 

The origin of the Eta system is traced back to about the tenth century of this 
era. The imperial family ruled Japan through some five large feudal clans. These 
families, the Mononobe, Ohtomobe, Heguri, Soga, and Nakatomi possessed 
slaves and individuals known as ‘‘benotami.”’ The ‘“benotami,” many of whom 
came from Korea and Japan, were engaged in the manufacture of pottery, wea- 
pons, fabrics, and in the building trades. Their living status was better than that 
of slaves, since they had their own land allotted to them, and had professions in 
which they had a certain amount of feudal protection and individuality. The 
slaves, however, were permitted neither their own homes nor their land, and 
could be killed at the whim of their owner. 

In the eleventh century, those individuals denied land or profession banded 
together. Most of these people still belonged to feudal lords and were employed 
in a variety of occupations, some of which kept them close to their owners. They 
were engaged in hunting, worked as gardeners, repairmen, well diggers, palan- 
quin bearers, bamboo and leather workers, and carriers. Strolling musicians be- 
longed to this group. In the middle of the fourteenth century during a long 
period of war in Japan, these people gathered on waste lands around the cities 
and villages, and established their own communities. Among them were beggars, 
fugitive warriors, and executioners. Once an area has been chosen to be such a 
village, the people became known as Eta, and the villages were known as Eta 
Buraku. The Eta were not taxed because of their poverty and were generally 
regarded as ‘‘untouchables.”’ The word Eta itself is thought to stem from the 
defective pronunciation of ‘‘etori’’ which was applied to the hunters who pro- 
vided food for the dogs and hawks of the aristocracy. Killing of small quadrupeds 
was religiously prohibited and regarded as a form of pollution. Since the seven- 
teenth century and the establishment of Tokugawa Shogunate, the Eta were 
further discriminated against and oppressed. They were legally fixed as the low- 
est stratum and regarded everywhere as subhuman beings. Their lives, marriages, 
professions, residences, costumes, etc., were strictly circumscribed. The feudal 
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social structure was a rigid one in which the Eta ranked beneath the military, 
the farmer, the artisan, and the merchant. During this era there were frequent 
peasant uprisings, and the Eta were sometimes forced to fight against the pea- 
sants in an effort to isolate them further as a class and to weaken their resistance 
to feudal lords. 

In 1871, at the time of the Meiji Restoration, the Eta system was legally 
abolished. However, social pressures continued to isolate and oppress these 
people. They were still bound to caste-like handicrafts of feudal times. Since the 
cessation of World War II, it has become increasingly popular in Japan to de- 
nounce the discrimination against the Eta, but little has actually been done to 
change their status. They are still deprived of the rights of owning their own 
land, barred from fishing areas and shut out of modern industries. Today, the 
greatest proportion of Eta have no fixed employment, and the group as a whole 
cling to handicrafts handed down hereditarily. Among these are tanning, shoe- 
making, sandalmaking, and bamboo ware making. In addition, they are fre- 
quently employed as coolie labor. Their living conditions are necessarily poor. 
They live in crowded, unwholesome homes, and have a rather high rate of tra- 
choma, tuberculosis, and parasitic diseases. In general, their level of education 
is low, and it is believed, although no definitive study has been made, that the 
incidence of genetically determined malformations may be quite high as a con- 
sequence of the restricted marriage practices among this group. 

Figure 1 summarizes the pedigree. Feeblemindedness was diagnosed by his- 
tory and examination in 4 cases (III-7) (III-14) (IV-8), and (V-2). History alone 
suggested mental retardation in 4 more individuals: (III-1) (III-6) (III-9), and 
(IV-7). Relationship of these 7 cases is illustrated in the insert of Figure 1. It is 
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TABLE 1. PHENYLALANINE TOLERANCE TEST (MGM/100 ML SERUM) 


After Administration 


Fasting Level 1 hr 2 hrs 4 hrs 5 hrs Total 
III-7 25.1 26.4 24.6 18.0 17.5 86.5 
11-17 3.7 14.4 10.2 9.1 6.0 39.7 
III-14 4.2 9.0 9.8 8.2 5.6 32.6 
Control 23 7.9 6.5 4.3 3.0 21.7 


unfortunate that Case (IV-7), the stepsister of the propositus, was not available 

for examination. She was reported to have been mentally defective, and died at 

the age of 8 years. 
BIOCHEMICAL STUDIES 

Qualitative determinations for phenylpyruvie acid (Foelling, 1934; Penrose 
and Quastel, 1937) were carried out on the 24 casual urine specimens collected 
from the examined members of the family. Both the propositus (IV-8) and her 
father (III-7) had strongly positive reactions for phenylpyruvie acid in their 
urine. 

Quantitative measurements of phenylpyruvie acid in 24-hour specimens were 
done by the method of Kropp and Lang (1955). The propositus (IV-8) excreted 
520 milligrams of phenylpyruvic acid for 24 hours. Her father (III-7) excreted 
285 milligrams of phenylpyruvie acid for 24 hours. All other members examined 
averaged an excretion of 11.3 milligrams of phenylpyruvic acid for 24 hours. 

Fasting serum levels of phenylalanine were determined by the method of 
Henry, Sobel, and Chiamori (1957). A phenylalanine tolerance test (Hsia, et al. 
1956) also was performed in the three members of the family who were available 
for this procedure. The father (II]-7), the mother (III-14), and maternal grand- 
mother (II-17) were studied in this manner. The results are given in table 1. 


DISCUSSION 
The determination of positive ferric chloride and dinitrophenylhydrazine 
tests in the urine of the father led to the diagnosis of clinical phenylketonuria. 
This seems amply confirmed by the abnormal quantity of phenylpyruvic acid 
found in his urine, together with the high fasting serum phenylalanine level. 
The phenylalanine tolerance test is additional justification for designating the 
father as a case of phenylketonuria. 

The laboratory studies performed on the mother and grandmother are com- 
patible in the diagnosis of a heterozygous carrier state in both individuals (Hsia, 
et al. 1956). 

SUMMARY 

The unusual mating of a homozygous phenylketonurie with a heterozygous 

carrier of the phenylketonuric gene with the subsequent production of a homo- 


zygous phenylketonuric patient is reported. 
A brief historical survey of the Eta, the social group to which this family be- 


longs, has been given. 
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Confirmation of Linkage Between the 
Lutheran and Secretor Genes* 


TIBOR J. GREENWALT 


Milwaukee Blood Center, Inc., Milwaukee 3, Wisconsin 


Mour (1951) suggested the existence of linkage between the Lutheran and Lewis 
blood group systems. He presented further evidence in subsequent publications 
but questioned the significance of his findings because so much of the statistical 
score came from one family (Mohr 1951, 1954 and 1956). Sanger and Race (1958) 
made a strong case for autosomal linkage between the Lutheran and secretor 
genes in a critical analysis of their data combined with all previously available 
information. More recently Metaxas, Metaxas-Biihler, Dunsford and Hollander 
(1959) added weight to the evidence with the information from two sibships of a 
large pedigree and from two families previously recorded by Lawler and Renwick 
(1959). 

The inheritance of the Lewis factors is complex and best explained by the 
scheme proposed by Ceppellini (1955). The gene which determines the production 
of the antigen, Le*, is called L. The Lewis phenotype of the red cells is believed 
to be dependent on the interaction of the Li alleles and the secretor alleles as 
shown in table 1. 

At the time we started to collect the material to be presented the paper by 
Race and Sanger (1958) was still in press. They were almost certain that the 
linkage is between the Lutheran and secretor genes and not between the Lutheran 
genes and the Lewis phenotype of the red cell but the number of families on which 
these conclusions were based is relatively small. The paucity of the mating type, 
LutLu’, Ll & LuLu’, ll, needed to furnish direct evidence against linkage be- 
tween the Lutheran and L/ genes was particularly lamentable. 

A previous survey of the Lutheran blood groups (Greenwalt and Sasaki 1957) 
made available a large number of families in which one parent was known to be 
lLu(a+). We are presenting the results of studying these families to establish 
conclusively that the linkage is between the Lu and Se genes and not between Lu 
and the Lewis phenotype. The data have been analyzed for the frequency of 


recombination. 


MATERIAL AND METHODS 


The families were selected to be most suitable for studying linkage between the 
genes determining the Lutheran, Lewis and secretor characters. The propositus 


* Supported by a grant (RG 5812) from the National Institutes of Health, United States 
Public Health Service. 
Received September 26, 1960 


69 


9, 
a 
, = 
| 


70 GREENWALT 


TABLE 1. SCHEME FOR THE INHERITANCE AND INTERACTION OF THE 
ABH sEcCRETOR AND LEWIS CHARACTERS 


Phenotypes 


Saliva 

ABH Le* Le> Erythrocytes 
SeSe LeLe) 
SeSe Lele 

Sese LeLe| + Le(a—b+) 
Sese Lele } 
sese LeLe 
sese Lele + = Le(a+b—) 
SeSe lele 


Sese lele{ 


Modified from Ceppellini (1955) 


in each family was a parent who had been found to be Lu(a+) when he volun- 
teered as a blood donor. Only families with four or more children were studied. 
The probands are either group O or group A because the anti-Lu* sera available 
could be used only with these blood groups. 

A clotted blood sample and saliva were obtained from each individual. In some 
of the younger children blood was collected in capillary tubes and saliva on cotton 
swabs was expressed into 0.5-1.0 ml. of saline. The instances in which this was 
necessary are indicated by an asterisk in table 2. Saliva specimens were placed in 
a boiling water bath for 10 minutes, clarified by centrifugation and stored at 
—20 C. Blood specimens were studied on the day following collection. 

The anti-sera used for blood grouping were anti-A, —B, —AB, —D(Rhp), 
—C(rh’), —E(rh”), —c(hr’), —e(hr”), —Le*, —Le>, —Lu*, —Lu?. An extract 
from the seeds of Dolichos biflorus was employed for identifying subgroup A). 

The presence of A and B group specific substances in the saliva was determined 
as recommended by Race and Sanger (1958). A 1:4 saline dilution of the lectins 
from Ulex europeus mixed with an equal volume of a 1:2 saline dilution of saliva, 
using group O cells as the indicator, served to detect H substance in the saliva. 
Le* and Le? substances were identified by adding a 1:2 saline dilution of saliva to 
3 volumes of anti-Le* and anti-Le” serum. Saliva specimens collected on swabs 
were not diluted. Known Le(a+b—) and Le(a—b+) cells served as the indicator 
system. Serum controls in which saline was substituted for the saliva and positive 
controls using known saliva specimens were run with each series of tests. 

Analysis of Data. Analysis for linkage was performed by applying the wu sta- 
tistics of Fisher as described by Finney (1940). Only ‘‘certain” families of Mating 
Types 13(tw x TW), 14(Tw X TW) and 15(TW X TW) given in Finney’s 
table 1 were used. “Certain” families are those in which the parental genotypes 
are determinate and are scorable without knowledge of gene frequencies. The 
Finney score is not fully efficient because it omits doubtful families but within 
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the limits of loose linkage it is satisfactory for the detection of linkage although 
the estimate of linkage is only approximate. It has been used in this study to 
facilitate comparison with previously published data. 

Finney uses the symbols W, w and T, t to designate pairs of dominant and 
recessive traits. In using his formulae these symbols were applied as follows in the 
comparisons: 

Lutheran:Secretor T = secretor, t = non-secretor; W = Lu(a+),w = Lu(a—) 
Lutheran: Ll (Le* in saliva) T = L,t = ll, W = Lu(a+), w Lu(a—) 
Secretor: Ll T = Se, t = sese; W = L, w = Ill 

The children were classified as a = TW, b = tW,c = Tw, d = tw to calculate 
the ‘score’ (A) for each family. The ‘score’ (A) for each family was corrected by 
subtracting \ found in Finney’s table 15. The ‘information’ (K) was obtained 
from Finney’s table 3 (1940). 


RESULTS 


The pertinent laboratory data are presented in table 2. The corrected ‘“‘scores”’ 


(A — \) and “information” (KX) for the “certain” families are listed in table 3. 
The summary of the evidence for linkage and the recombination fraction are 
given in table 4. Finney (1940) states that linkage is established at the 1 per cent 
level of probability if S(A) exceeds 2.33[S(KX)}!/2. On this basis linkage is evidently 
established in the comparison Lutheran:Secretor. There is no reason to consider 
the possibility of linkage in the relationship Lutheran: Ll (Le* in saliva) from 
these data and there is only a weak suggestion of linkage in the Secretor: Ll com- 
parison. In scoring families 1 and 33 the mothers were assumed to Lu(a—), a 
relatively safe assumption in view of the infrequency of Lu(a+) people. 

The frequency of crossing-over determined by applying Finney’s formula, 
lo[l — (S(A) /S(K))"”], was found to be between 16 and 17 per cent (see table 4). 


DISCUSSION 


The previously published data applicable to the estimation of linkage between 
the Lutheran and secretor alleles have been rescored and added to ours in table 
5. The evidence for linkage is strong and the level of probability is indeed very 
significant when one considers that the square root of S(K) represents the stand- 
ard deviation (c) of the score [S(\)]. 

The evidence for linkage between two autosomal genes presented by Mohr 
(1951, 1954, 1956) appeared to favor the Lutheran: Lewis relationship. The ap- 
parent connection between the Lutheran and Lewis blood groups can be explained 
by the close dependence of the Lewis phenotype of the red cells of an individual 
upon his ABH secretor status (see table 1). The Le(a+) phenotype is always 
associated with non-secretion of the ABH substances (sese) and at least one dose 
of the gene L which is presumed to be responsible for the presence of Le* sub- 
stance in the saliva. No exception to this rule was found in our material. All 
Le(a+) individuals studied secreted large amounts of Le* specific substance in 
their saliva and no detectable Le> substance. 
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TABLE 3. SCORING OF “‘CERTAIN’’ FAMILIES 


Lutheran :Secretor Lutheran:Ll Secretor:Ll 
No. 
K K K 

] +1.979 0.952 | 

2 —0.027 6.133 —0.687 0.952 +3.979 | 0.952 

5 +1.989 1.429 | 

6 —0.23% 1.429 | 

8 +6 .327 1.996 
10 —0.233 1.429 
14 +0 .553 2.659 

16 +1.990 10.094 +0.211 1.429 —0.233 1.429 
20 +0.868 0.952 
22 —0.465 0.952 +1.312 0.952 —0.081 0.593 
25 +0.105 1.996 
28 +0.868 0.952 —1.132 0.952 
29 —0.233 1.429 
30 0.021 0.952 —0.465 0.952 —1.365 | 0.593 
33 —3.001 21.026 
36 +1.312 0.952 
39 +5 .973 6.133 
41 +5 .973 6.133 
44 +3.219 2.659 
45 2.939 3.119 
47 +0.201 0.952 
51 —1.006 15.053 
52 +0 .327 1.996 
54 +0.201 0.952 +0.201 0.952 —0.081 0.593 
56 +2 .327 1.996 —1.006 15.053 +2 .327 1.996 
57 +5 .973 6.133 
58 —0.678 1.429 —0.233 1.429 
60 —0.027 6.133 
62 +1.545 1.429 —0.23% 1.429 +0 .233 0.809 
64 —0.207 6.133 
68 —0.027 6.133 
70 —1.061 3.119 
71 +2.423 0.952 

S(A)26 .547 S(K)60.004 S(A)6.686 S(K)81.368 S(A)9.387 S(K)15.479 
TABLE 4. SUMMARY AND ANALYSIS OF DATA 


Category of comparison 


Lutheran:Secretor (ABH) 
Lutheran:L/ (Le®* in saliva) 
Secretor: Ll (Le® in saliva) 


(ABH) 


S(K) 
(information) 


S(A) 
(score) 


60.004 


26 .547 
6.686 81.368 
9.387 15.479 


2.33 


(linkage) 


18.048 
21.017 
9.166 


S(A) \1/2 

] 
| recombination 


fraction) 


0.170 
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TABLE 5. COMPILATION OF PUBLISHED LINKAGE INFORMATION 


Comparison Source | S(A) | S(K = VS(K) (ix ] 
Lutheran: secretor Sanger and Race | 17.17 34.660 
Lawler and Renwick 12.970) 21.186) 
Metaxas et al. 20.461) 38.660) 
Present paper 60 .004| 

Total 77.150) 154.510) 29.0 0.15 
\+12.43 


These data support the observations of Sanger and Race (1958) which indicate 
that there is no linkage between the Lutheran alleles and the Li alleles which 
determine the presence or absence of Le* substance in the saliva. Families 33, 51, 
56, 57, 64 and 70 are of the mating type Lu*Lu?, Ll XK LuLu’, ll needed to estab- 
lish this point. The total score [S(\)] for these 6 families is —0.128 with an infor- 
mation [S(KX)] value of 66.517. There is no reason to suspect linkage between the 
Lu and Ll genes. The suggestion of linkage between the secretor and Ll genes is 
based on rather meager “information” and is probably fortuitous. It is hardly 
likely to prove significant on further examination since it is not reasonable to 
expect this relationship when there is no evidence of linkage between Lu and Ll 
and such good evidence for association between Lu and Se. 

The recombination fractions for the Lu: Se comparisons are given in tables 4 
and 5. Direct observation of crossing over between the Lutheran and Lewis 
characters has been reported by Mohr in a family studied by Race, Lawler and 
Penrose and in a case of his own. Assuming that linkage between the Lu ad Se 
genes is established crossing over can be visualized in families 2, 16, 30, 52, 60, 63 
and 68 (table 2). The apparent recombinant in family 70 is proven to be ‘‘illegiti- 
mate” by its ABO group. A similar circumstance in family 69 eliminates it from 
the Lutheran: Ll comparison. In families 2, 16, 30, 52, 60 and 68 the recombina- 
tion occurred in the husband. It is not possible to determine in which mate it took 
place in mating 63 which is worthy of special attention because of its rarity. The 
lack of direct evidence for crossing-over in the wives is undoubtedly due to the 
manner in which the families were selected. Eighty-two per cent of our blood 
donors are males and the Lu(a+) propositi were found by screening consecutive 
donors. The resulting small number of double back-cross matings in which the 
wife is doubly heterozygous made it impossible to make any estimate of the 
relative frequency of crossing over in the sexes. 


SUMMARY 


Seventy-three families with four or more children selected because one parent 
was known to be Lu(a+) were studied. The Lutheran and Lewis groups of the 
red cells and the secretion of ABH and Lewis substances in the saliva were deter- 
mined. ‘‘Certain”’ families in which the genotypes of the parents were determinate 
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were subjected to analysis by applying the wu statistics of Fisher as modified by 
Finney (1940). The results support the existence of linkage between the Lutheran 
and Secretor genes. Seven families were found in which crossing over is demon- 
strable directly. Evidence is presented to prove that no linkage exists between the 
Lutheran blood groups and the Lewis phenotype of the red cell. Six matings of 
the type, LutLu’, Ll K Lu’Lu’, ll were discussed. No evidence was found for 
linkage between the Lutheran gene and the Li genes which determine the pres- 
ence of Le* substances in the secretions. Compilation of the available data from 
the literature strongly supports the existence of linkage between the Lu and Se 
genes with an approximate recombination fraction of 0.15. 
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Abnormal Segregation in Hereditary Renal 
Disease with Deafness’ 


RICHARD F. SHAW anv ROGER A. GLOVER? 
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Charlottesville, Virginia 


INTRODUCTION |i 


IN SOME FAMILIES renal disease with deafness appears to constitute an inherited 
syndrome. One of us (Glover) has discovered, in the region served by the Univer- 
sity of Virginia Hospital, a large kindred with the disorder. Consideration of this 
kindred together with another reported by a group of workers in Utah reveals 
some very strange segregation ratios and suggests the occurrence of a genetic 
phenomenon not hitherto reported in man. 

Review of the Literature: Families with hereditary nephritis have been known 
since the last century. The early literature is reviewed by Eason, Smith, and 
Buchanan (1924) and by Mitchell (1930). 

Alport (1927) pointed out that the kidney disorder tended to be associated 
with deafness. This was nerve deafness in his opinion. Since that time the fol- 
lowing authors have reported families with renal disease and deafness: Stephens, 
Perkoff, Dolowitz, and Tyler (1951); Poli (1953, 1955); Reyersbach and Butler: 
(1954); Hamburger, Crosnier, Lissac, and Naffah (1956); Sturtz and Burke 
(1956, 1958); Sohar (1956); Goldbloom, Fraser, Waugh, Aronovitch, and Wigles- 
worth (1957); Perkoff, Nugent, Dolowitz, Stephens, Carnes, and Tyler (1958). 

It is difficult to say whether one or several diseases are described in these 
studies, but all of the kindreds do appear to have the following features in com- 
mon, although not in every individual: 1) Red and white blood cells and granular 
casts in the urine. 2) Intermittent gross hematuria. 3) Progressive deafness. 4) 
Renal insufficiency, especially in the males who often die before maturity. The 
few pathological and biopsy specimens studied have not so far helped markedly 
todefine the disease or explain its basic mechanism. The difficulty of this approach 
is discussed by Perkoff et al. (1958). They suggest the designation ‘hereditary 
chronic nephritis” for cases that some of the same authors had earlier called by 
the more knowledgeable sounding “hereditary interstitial pyelonephritis”. A 
great variety of names has been employed by others. It might be well to avoid 
confusion by referring to the condition as ‘‘Alport’s syndrome’’. This would honor 
the man whose acute observation did most to delimit the disease, and do away 
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with the innumerable descriptive designations such as “familial nephritis’’, 
“hereditary interstial pyelonephritis’, “idiopathic hematuria” and the like which 
are sometimes more inclusive, sometimes more restrictive than warranted. 

From the standpoint of genetics, one study is pre-eminent. This is the one by 
Stephens et al. (1951) as amended by Perkoff et al. (1958). Their work was done 
in Utah, and since frequent reference will be made to the findings, it is convenient 
to refer to their mater'~1 as the Utah kindred in contrast to the Virginia kindred 
reported in the present paper. The Utah workers concluded that the syndrome 
showed dominant partial sex linkage. 

Since the first report in 1951 several authors have questioned that partial sex 
linkage occurs in mammals. Matthey (1957) has summarized the cytological 
evidence that the X and Y chromosomes behave in such a way that no crossing 
over can take place between them. Morton (1957) reviewed the genetic evidence 
for partial sex linkage both in the first report of the Utah workers and in other 
diseases where the concept has been invoked. He concluded that the case for 
this kind of inheritance in man is not proven. In their follow-up study (Perkoff 
et al., 1958) the Utah workers reaffirmed their belief in partial sex linkage. Their 
findings were given a different interpretation by Graham (1959). These views 
were again discussed by Perkoff, Stephens, and Tyler (1960) and by Graham 
(1960). 

The alternative explanation offered by Graham stems from his discovery that 
the sex ratio is abnormal. He believes that the findings can be explained as due 
to an autosomal gene which, in addition to the clinical manifestations, causes a 
large amount of undetected intrauterine mortality among heterozygous male 
fetuses. A difficulty of this explanation is the proportion of affected to normal 
among the daughters of heterozygous males. There are 24 heterozygotes and only 
five who are apparently homozygous normal. This result is unlikely as a chance 
deviation from a one-to-one ratio. To explain it as due to differential mortality 
requires the pathological genotype to be more viable than.the normal and 
supposes a deficiency of total daughters that cannot be demonstrated in the 
data. Neither will incomplete penetrance explain an excess of the abnormal 
phenotype. 

Although inadequate to explain the pedigree fully, it does appear to be a 
fact that the sex ratio is abnormal in a way that might result from early loss of 
heterozygous males. The effect observed is probably statistically significant; 
Graham’s chi-square test yields a probability smaller than .04. 

Partial sex linkage still seems to merit consideration. The view that it is im- 
possible because the X and Y cannot form chiasmata is not held by all cytologists. 
Ford and Hammerton (1956) support the older view that chiasmata occur. But 
whatever the merits of this mode of inheritance in general, the evidence that it 
applies to Alport’s syndrome is defective. Partial sex linkage requires that males 
who received the gene from their mothers transmit it prefrentially to daughters, 
and those who received it from their fathers, preferentially to sons. }]The first 
expectation is fulfilled by the Utah kindred. The question of whether males 
receiving the gene from their fathers transmit it as predicted is at present without 
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an answer. Not a single such male appears in the Utah kindred nor in any other 
that has been published. Because affected males frequently die before reproduc- 
tive age, transmission of the gene through males for the required two generations 
is necessarily improbable. 

In what follows the findings of the Virginia kindred will be presented and 
analyzed. The Utah kindred will be reanalyzed and the two kindreds compared. 
The discussion is limited to these two kindreds because the others are all smaller 
and for various reasons difficult to compare. 


METHODS AND CRITERIA OF CLASSIFICATION 


The study evolved from interest created when the propositus (III-36 in Fig. 1) 
was admitted to the University of Virginia Hospital with renal disease. When 
his relatives were found to have the syndrome, all available members of the 
kindred were given physical examinations and urinalyses. 

In addition to the manifestations mentioned above in the review of the litera- 
ture, the kindred also shows certain features reported in some published reports 
but not in others, namely, frequent upper respiratory infections and eye defects. 
The eye defects comprise two cases of ill-defined optic disk margins and two of 
cataract. Whether these defects are a part of the syndrome is problematical. 

Five affected males are deaf. Young females are not, but among those over 
twenty-five there are some instances of auditory difficulties. The renal disorder 


OF io 
Q AFFECTED 
@ 19 r Oo OO NOT AFFECTED 
< © BORN DEAD 
O e Q CONDITION 
‘a UNKNOWN 
— I I 
0 
O O 
ae 
Ve 2) 
0 
0) 
900 


Fig. 1. Alport’s Syndrome in the Virginia Kindred. 
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is variable and more severe in the males. Two of them have died of it, their 
ages at death being fourteen and eighteen. 

Meaning of ‘affected’: The most constant and reliable manifestation of the 
syndrome is the presence of red blood cells in the urine either grossly or as 
microscopic hematuria. No one showed deafness or other indications of the 
syndrome who did not also show red cells in the urine. Consequently an “affected” 
individual has been taken to mean one with ten or more red blood cells per high 
power field. Care was taken to avoid menstrual days in women, and only one 
individual whose urine was not examined in the course of the study is considered 
affected. Medical records show him to have had gross hematuria just before his 
death which was caused by nephritis. 

The authors of the Utah study have used somewhat different criteria of 
abnormal urinary findings, but the difference between the two studies due to 
this is probably slight. Their study contained some deaf persons with normal 
kidneys. Such individuals are tabulated in tables 3 and 4 as affected. The two 
deaf sons and one deaf grandson of II-12 in the Utah pedigree are exceptions 
and are tabulated as normal since they may have inherited otosclerosis from 
their father. 

Meaning of heterozygous: It appears from Fig. 1 and from the findings of the 
Utah study that |the syndrome seems to occur in individuals heterozygous for 
some kind of dominant gene] Some individuals produce affected offspring but do 
not themselves manifest the condition. Such persons are also heterozygous. 
Any person who is either affected or who has produced affected children is listed 
in the tables as ‘“‘heterozygous’’. The others who have been examined are called 
“apparently homozygous normal”’’. 


FINDINGS AND INTERPRETATION OF RATIOS 


The numerical findings for the Virginia kindred are set out in tables 1 and 2. 
The Utah kindred is tabulated in the same way for comparison in tables 3 and 4. 
The first question which should be asked is whether the Virginia kindred shows 


TABLE 1. VIRGINIA KINDRED. POOLED OFFSPRING OF HETEROZYGOUS MOTHERS 


Sons Daughters 
Apparently Un- Apparently 
Mother affected 7 8 2 17 11 1 
Mother asympto- 3 3 2 8 5 3 
matic 
Total 10 11 4 25 16 4 


TABLE 2. VIRGINIA KINDRED. POOLED OFFSPRING OF HETEROZYGOUS FATHERS 


Sons Daughters 
Hetero- jpparently nex. Hetero- Apparently Unex- 
zygous Nosmal amined zygous aminec 


Father asymptomatic 2 3 0 1 3 0 
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TABLE 3. UTAH KINDRED. POOLED OFFSPRING OF HETEROZYGOUS MOTHERS 


Sons Daughters 
Apparently Apparently Unex- 
Heterozygous Homozygous Unexamined Heterozygous Homozygous * 
Normal Normal amined 
Mother affected 13 9 5 13 11 3 
Mother asympto- 3 14 3 14 17 K 
matic 
Mother not ex- 8 2 4 14 5 1 
amined 
Total 24 25 12 41 33 10 


TABLE 4. UTAH KINDRED. POOLED OFFSPRING OF HETEROZYGOUS FATHERS 


Sons Daughters 
Apparently Apparently 

vo Normal gous Normal 
Father affected 5 9 2 18 2 2 
Father asympto- 0 6 0 6 3 1 

matic 

Total 5 15 2 24 5 3 


the same evidence for partial sex linkage and the same abnormal sex ratio as 
the Utah one. 

So far as partial sex linkage is concerned, there are only two relevant sibships. 
These are offspring of heterozygous males II-1 and III-37 whose progeny are 
totalled in table 2. Although the family of III-37 fits partial sex linkage well 
enough, it is overshadowed by the larger one of II-1. In it the offspring are 
distinctly not of the types expected from partial sex linkage. The Virginia kindred 
thus does not indicate this type of inheritance for the syndrome. 

The Utah kindred shows an abnormal sex ratio both among the progeny of 
heterozygous mothers and those of heterozygous fathers. In the Virginia kindred 
the heterozygous fathers are too few to be informative, but the deficiency does 
exist in the offspring of heterozygous mothers. Testing the observed 25:45 males 
to females against .50 gives x? = 5.71, .02> p > .01. Thus, the Virginia kindred 
shows the same sex ratio abnormality as the Utah kindred. - ; 

The important finding of the present study is that the Virginia kindred, in 
addition to the abnormal sex ratio, shows an abnormality of the segregation 
ratio among the offspring of heterozygous mothers. The same peculiarity, 
hitherto unrecognized, exists in the Utah kindred. It is the tendency of hetero- 
zygous mothers to transmit the gene to more than half their daughters. This 
fact can be seen in table 1 where 25 were heterozygous and 16 apparently not; 
and in table 3 where the corresponding numbers are 41 and 33. These numbers 
are tabulated in table 5 where the results of the normal deviate test are given. 

By conventional standards the probabilities .08 and .18 for the Virginia and 
Utah kindreds separately do not indicate significance, while the result (.004) for 
the pooled kindreds does. This view is really appropriate only for a study that 
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TABLE 5. DAUGHTERS OF HETEROZYGOUS FEMALES. TEST OF THE HYPOTHESIS 
THAT THE SEGREGATION RATIO IS NOT GREATER THAN ONE-HALF 


Het - N ] -tailed 

Total 
Virginia kindred 25 41 1.4 .08 
Utah kindred 41 74 .93 .18 
Pooled kindreds 66 115 2.63 .004 


is experimental in design. In the present study any hypothesis to be tested will 
have been devised after the data were at hand. Under these circumstances one 
should not allow himself to be readily convinced by a probability which merely 
falls below the conventional level of significance. Probably, however, the value 
p = .004 for the pooled data is sufficient to warrant the conclusion of an excess 
of heterozygotes. Fortunately, there is a stronger statistical argument for this 
view. 

One can make allowance for the fact that undoubtedly more heterozygotes 
exist in these pedigrees than have been detected. First, consider the Virginia 
kindred. Among the daughters of heterozygous mothers there are 16 apparently 
homozygous normals. They are, of course, not certain to be homozygous. It is 
clear from the pedigree that asymptomatic women can produce affected children; 
in other words the dominant gene for the syndrome is not completely penetrant. 
It is.possible that the 16 daughters mentioned are all non-manifesting hetero- 
zygotes. However, three of them (III-25, III-32, and III-35) had children, and since 
they were, so to speak, progeny tested and did not prove to be heterozygotes, 
these three will be counted as homozygous normal. Such a procedure, if in error, 
can only lead to a lower number of heterozygotes than the true one. It is thus 
conservative and reasonable in an analysis purporting to show an excess. 

How many of the 13 remaining females should be counted as heterozygotes? 
The uncertainty about them is partly due to their being childless. If they had 
had children, how many would have been revealed as heterozygotes? In the 
same pedigree there are seven females similar to the ones in question except 
that they had children. Four turned out to be heterozygotes. It seems appropri- 
ate to apply the ratio of 4/7 to the childless females under consideration and to 
say that the best estimate of the number of heterozygotes among them is 4/7 of 13 
or slightly more than seven. This, as before, is a conservative view. If the 
abnormal genotype has an effect on fertility it would be expected to cause a 
reduction rather than an increase. This means that if the 7 and the 13 are not 
really comparable because of one being more fertile than the other, the error of 
using the 7 to estimate the heterozygote rate in the 13 can only be in the direc- 
tion of an underestimate of heterozygotes. 

The probability that the result obtained (25 heterozygotes, 13 unknowns, 
and 3 presumed homozygous normals) is compatible with a statistical universe 
of not more than half heterozygotes can be calculated as follows. The figures on 
which the calculation is based are given in table 6. Suppose that each of the 13 
unknowns had an independent probability of 4/7 of being heterozygous. Let the 
number of unknowns who are actually heterozygotes be i, a value running from 
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TABLE 6. ASYMPTOMATIC DAUGHTERS OF HETEROZYGOUS MOTHERS 
With Children 


Childless Children At Least 
Normal One Affected 
Virginia kindred 13 3 4 
Utah kindred 26 8 10 


zero to thirteen. Each possible value of i determines a segregation ratio of 
(25 + i)/41, and has a probability, 


Each of the possible segregation ratios can be tested by the normal deviate 
test (one tailed) to yield a probability, p;. Since these are the possible results of 
the test of significance, and each of the i + 1 values of p has a probability 2; of 
being the correct one, the over-all probability is the expectation of p, 


13 


Tipi = P. 

i=0 
The result is P = 3.5 K 10-*. The same method can be applied to the Utah 
kindred. Here there were 18 asymptomatic females who had children, and 10 
were revealed to be heterozygotes. Thus the initial probabilities were 5/9 and 


4/9. Applying these values to the 26 individuals in question yields P = 4.8 
x 


DISCUSSION AND CONCLUSIONS 


The excess of heterozygotes cannot well beattributed to any mechanism operat- 
ing after fertilization. Differential mortality or incomplete penetrance would 
act to produce a shortage rather than an excess. Evidently the two kinds of egg 
are produced in unequal numbers. But if the abnormal allele tends to go to the 
oocyte rather than to the polar body there should be an excess of heterozygotes 
among both sons and daughters of heterozygous females. The argument up to 
this point is only that an excess of heterozygotes exists among the daughters, 
nothing being said about the sons. As can be seen in tables 1 and 3, the numbers 
among sons are 10:11 for the Virginia kindred and 24:25 for the Utah one. 
Thus neither appears to show an abnormal ratio. ? 

There are, however,’ two reasons for believing that the sons have the same 
excess of heterozygotes. The first of these is the abnormal sex ratio; It is probable, 
as suggested by Graham, that the shortage of males results from the early intra- 
uterine death of heterozygous males. It can be seen from tables 1 and 3 that if a 
number of heterozygous males equal to the deficit of sons is added to the hetero- 
zygous sons, there will be an excess of heterozygotes comparable to that among 
the daughters. Actually, in both pedigrees the excess would be slightly greater 
among the sons than among the daughters. 

The second basis for this view is the existence of non-manifesting hetero- 
zygotes among the males. In the Virginia kindred three asymptomatic males 
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had children, and two of these males were shown by their offspring to be hetero- 
zygous. In the Utah kindred the figures are three and one. This suggests that 
penetrance in males is as low as that in females. On the basis of such small 
numbers and in the face of the uncertain meaning of the abnormal sex ratio it 
is perhaps not worth while to make the statistical calculation on males that has 
been applied to females. It is important to understand, however, that nothing 
in the data contradicts the supposition that among the sons as well as among the 
daughters of heterozygous females there is an excess of heterozygotes at fertilization. 

Since the abnorn.:| ratio is a zygotic one, the only mechanism known at present 
which would account for it is non-random disjunction, with the chromosome 
bearing the mutant gene generally going to the oocyte rather than to the polar 
body. This suggests a new interpretation for the findings in the Utah kindred 
previously given the interpretation of partial sex linkage. The same autosome 
which disjoins non-randomly in the female may in the male segregate preferen- 
tially with the X chromosome in spermatogenesis. The only alternative still 
appears to be partial sex linkage in the Utah kindred. Although there is no clear 
evidence for an abnormal ratio among the children of heterozygous males in the 
Virginia data, the similarity of the two kindreds in clinical features, penetrance, 
and segregation in heterozygous mothers suggests that the two may be basically 
the same. Probably future studies should investigate the same hypotheses for 
both. 

To summarize the hypothesis suggested above, it appears that Alport’s syn- 
drome may be due to an autosomal gene which shows non-random disjunction 
in the female, and (at least in the Utah kindred) preferential segregation with 
the X in the male. The most likely interpretation of the abnormal sex ratio is 
still that of Graham which is that the gene causes early intrauterine loss of 
heterozygous male zygotes. 

The implications of this scheme are as follows. The gene for the syndrome 
should show independent assortment with any sex linked gene. One might also 
anticipate the presence of a pair of heteromorphic autosomes, a frequent con- 
comitant of abnormal segregation in experimental plants and animals. Finally, 
it might be possible to find direct evidence of the loss of male zygotes in the 
menstrual histories of heterozygous mothers. 


SUMMARY 

A new pedigree of dominantly inherited renal disease with deafness is pre- 
sented. Both in it and in the similar one reported from Utah, heretozygous 
mothers are shown to transmit the gene to more than fifty percent of their 
daughters, and probably also to their sons. A hypothesis eliminating partial 
sex linkage and explaining both kindreds by an autosomal gene is given. 
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An Outline of Chemical Genetics 


By Bernarp 8. Srrauss. Philadelphia: W. B. Saunders, 1960, 188 pp., 
$5.00. 


AN IMPORTANT measure of the success of a book lies in the fulfillment of the author’s 
promise so frequently set out in an introductory note. In his preface to this excellent 
book, Dr. Strauss has indicated for whom the book was written; “I have had in mind 
my friends in the various scientific disciplines who have heard snatches of the recent 
developments in genetics and find them fascinating but who have not yet been persuaded 
to study the detailed literature.’ Certainly Dr. Strauss’ effort will stimulate many read- 
ers to just such a detailed perusal, but I believe he has provided in the book exactly that 
treatment of the subject which his friends in “the various scientific disciplines” are seek- 
ing. Genetics is obviously germane to all biology, no less to human biology as readers 
of this journal are certainly aware. So that a book which deals penetratingly with the 
chemistry of the genetic material and with the chemical attributes of the actions of the 
genetic material is welcomed by all. In my opinion, Dr. Strauss has kept his promise 
and has given us a book which is not only complete with respect to fact, but also offers 
some very interesting and original ways of looking at the facts. 

The book is divided into six chapters. The first of these describes the relationship 
between the genetic material and protein synthesis. In this chapter the author has as- 
sembled observations made on representatives of many species, has arranged them in 
historical] perspective and presented a reasoned point of view, and all this has been done 
in a style at onee clear and engaging. Each of the remaining chapters has a similar struc- 
ture, and each may be read as an independent essay, even while recognizing their mutual 
dependence. In the second chapter there is a summary of the DNA story. In the third 
the author has given an excellent account of the problems involved in defining the gene. 
It is evident that he has thought a great deal about these concepts and has in the past 
struggled with interdisciplinary communication gaps. The next deals with mutation, 
and the fifth with nuclear-cytoplasmic relationships; a second and slightly different look 
at gene action. In the final chapter disposing of ““The Biochemical Genetics of Man’’, 
the readers of this journal will not find a great deal of new information, but it should 
hold interest for others not primarily interested in the human organism. In a way it is 
a pity that the observations made on human beings were not included in appropriate 
places in other chapters of the book, since to make a special chapter sets it apart. Indeed 
some of these observations are so presented, and the author makes a special point of 
their contributions to general biology, and application to microorganisms as well as to 
man. 

In summary, this is a very good book and one which deserves wide audience. I number 
high on the list of its worthy attributes a style which is forthright, clear, and very read- 
able. 

Barton CHILDS 
Johns Hopkins Hospital 
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Microbial Genetics: Tenth Symposium of the Society for General 
Microbiology 


Edited by W. Hayes and R. C. Cowes, Cambridge University Press, 
1960, 300 pp. $7.50. 


THIS BOOK contains fourteen papers given in April 1960 at a symposium in London. As 
is customary with this series, the papers were put to press before the meeting was held. 
Therefore none of the discussion heard at the meeting itself is present. Nevertheless there 
is enough new information and speculation in this volume to merit a careful reading by 
all geneticists who are interested in this rapidly developing field. 

The editors of the collection, Hayes and Clowes, themselves present excellent reviews 
of the bacterial chromosome and transduction, respectively. Eight of the remaining 
twelve essays also deal chiefly or entirely with bacterial systems. Of considerable interest 
to non-microbial as well as microbial geneticists are Kellenberger’s paper on the physical 
state of the bacterial nucleus, Jacob, Schaeffer and Wollman’s comments on episomic 
elements in bacteria, Brown’s consideration of DNA and specific protein synthesis and 
Maale’s paper on nucleic acids and the control of bacterial growth. There are two papers 
on mold genetics; Prichard’s on recombination analysis is outstanding and Catcheside’s 
on gene-enzyme relations is a thorough and useful review. A paper by Gierer on RNA 
as the genetic material of plant viruses and a brief report by Danielli on some rather 
surprising results of nuclear transfer studies in amoebae complete the volume. 

The editors maintain that much of the difficulty outsiders have in understanding work 
in the field of microbial genetics is semantic. They state that “an attempt has been made 
throughout to present the subject in simple terms so that the general reader will under- 
stand the underlying concepts and appreciate their significance.” It would seem that 
some authors succeeded in this attempt better than others. All papers are well supplied 
with references, and in fact it should be possible for any geneticist to obtain a rather 
comprehensive view of current microbial genetics and the “molecular” concepts apper- 
taining thereto by the use of this volume. If it should seem that this field is ‘“over-sym- 
posia’d”’, a comparison of this book with one of its predecessors such as the illustrious 
“Chemical Basis of Heredity” will reveal the reason for it. Important new concepts have 
appeared every year. The Tenth Symposium of the Society for General Microbiology 
does not pretend to contain the final word on some of the fundamental problems it con- 
siders, but it is an excellent survey of the field to the end of 1959. 

Irvine P. CRawForp 
Western Reserve University 


Genetics Notes 
By James F. Crow, Minneapolis, Minn.: Burgess Press, 1960. 


THE FOURTH EDITION of Genetics Notes by James F. Crow, as the previous editions, is 
both lucid and concise. Genetics Notes provides examples and problems which will help 
the student of elementary genetics gain insight into many important fundamental genetic 
principles by supplementing material presented either in lectures or in the reading of a 
formal textbook. Crow has included material of a recent nature which in some instances 
does more than supplement many existing standard texts. This is particularly true of 
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the chapiers concerned with genetic fine structure, immunogenetics, lysogeny and trans- 
duction, and the chemical nature of the gene. Furthermore, the chapters which are con- 
cerned with quantitative genetics, population genetics, and evolutionary genetics, as 
well as the appendix on statistical methods are excellent, and the student will find that 
they add greatly to his lecture notes and standard textbook. All of this, I believe, is be- 
cause of Crow’s excellent writing style and the manner in which the text is arranged. 
Though the author states that the work is neither a textbook nor an adequate substi- 

tution for one, students in an introductory genetics course will find that many of their 
questions will be answered by active use of the Notes while instructors will find that the 
assignment of problems contained in the Notes will help direct students’ attention to 
important principles of genetics. 

R. P. Levine 

Harvard University 


Genetics and Cancer 


Thirteenth Annual Symposium on Fundamental Cancer Research, 1959, 
Sponsored by THE University or Texas M. D. Anprerson Hospitau 
AND Tumor Institute. University of Texas Press, 1959, 459 pp., $8.50. 


Tue 22 papers in this symposium may be divided into three groups. The opening third 
of this book is devoted to a general analysis of the role of genetic mechanisms in cancer. 
This begins with the description of various theories of the processes resulting in the loss 
of control of regulated growth. The following papers deal with nucleic acids and the prob- 
lems of mutation. A bit more than the next third of the book is concerned with the use 
of genetic methods in a variety of attacks on the problem of cancer. The remainder of 
the book is concerned with studies of the heritability of cancer, particularly in man. 

The three papers that directly discuss theories of cancer genesis end up with remarka- 
bly similar points of view. Darlington states, Wollman and Jacob propose, and Schultz 
permits the initiation of cancer to be due to a virus or similar particle in the cytoplasm. 
The papers do not agree on whether or not the nucleus is then affected and becomes 
the scene of the final change which transforms the cell to a cancerous one. With each of 
these theories, the important changes. are in nucleic acids, which result in the cell having 
an altered pattern of inheritance. Thus, one is led to a series of discussions, first of the 
role of nucleic acids in normal and in cancer cells and in viruses associated with the pro- 
duction of cancers (Dmochowski et al., Kit), and then of nucleic acid replication and 
mutation, and the manner in which these processes might lead to the formation of a 
cancer (Haas and Doudney, Latarjet). 

In the central section of the book there is no apparent organization of the various ex- 
positions of the use of genetic techniques in the study of cancer (Biesele et al., DeOme et al., 
Hauschka et al., Heston, Hsu and Kellogg, Klein and Klein, Levan, Shope, Wooley). In- 
deed, since there are numerous ways in which genetic methods are used to study cancer, the 
inclusion of any given paper is essentially a matter of choice by those who arranged the 
symposium. The recent resurgence of chromosomal studies is mirrored by the inclusion of 
these techniques in four of the papers in this section. However, it is a bit disconcerting 
that we do not know if these studies are important because abnormal karyotypes result 
in cancer or if these studies are unimportant because cancer cells are relatively tolerant of 
abnormal karyotypes. 
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The extent to which the tendency toward cancer, either in general or of a given type, is 
under the control of genes, has been one of the basic questions of genetics for many years 
(Anderson, Macklin, Oliver, Schull). Indeed, a discussion of whether or not there is any 
heritability of most of the common forms of cancer, and what importance might be at- 
tached to the heritability that might be observed appears to have enlivened the final 
portion of the symposium. The symposium was summarized by Andervont. 

Two points in the organization and publication of the symposium might be made: (1) 
There is no evidence of any discussion on the part of the participants (other than that 
referred to immediately above). As has long been recognized, the advantage gained by 
holding a symposium is in the exchange of ideas that cannot take place through the publi- 
cation of prepared papers. Discussion and the publication of it would be of benefit. (2) 
The relationship between genetics and cancer is so broad that almost any aspect of biology 
can be understood as fitting into the subject. On the whole, the symposium restricted it- 
self to the narrower aspects of this relationship, but there were a couple of papers which 
appear to have been included for the general enlightenment of the participants (Bonner, 
Morton). These papers, though well-prepared in this instance, must undoubtedly interfere 
with the business of such a symposium. 

Basically, this symposium has performed a useful service and done it well. The choice 
of papers was good and, almost without exception, they are well-written. The numerous 
illustrations have been reproduced excellently. 

HerMan M. 
Argonne National Laboratory 
Argonne, Illinois 


Behavior Genetics 


By Joun L. FuLLER and W. Rospert THompson. New York: John Wiley 
& Sons, Inc., 1960, pp., 396, $8.95. 


Topay few psychologists have any quarrels with heredity. Heredity is recognized as one 
of the forces shaping behavior and individuality, and a rapidly growing number of psy- 
chologists is turning to the study of behavior genetics. The first part of this timely book 
is tailored to the needs of these investigators. It explains in simple and generally under- 
standable terms modern genetic theory as it pertains to inheritance of behavior. The 
second part of this book is written for psychologists and for geneticists. It summarizes 
and critically reviews the literature of experimental and human behavior genetics. 

In the four introductory chapters the authors tackle a seemingly impossible task. In 
somewhat more than one hundred pages they undertake not only to present an outline 
of cytogenetics, classical Mendelian genetics, biometrical genetics, and population genet- 
ics, but they also try to show how the concepts and methods of these branches of genetics 
can be applied to the study of inheritance of behavior in animals and man. The authors 
recognize that their treatment of genetics “is not extensive enough to serve as a handbook 
of genetic techniques” but they hope that it will “provide a background for reading spe- 
cialized papers”. A very adequate bibliography of such specialized literature is provided. 

It can be expected that the second part of this book will serve as a Baedeker to the field 
of behavior genetics for many years to come. It provides the most comprehensive survey 
of the literature dealing with inheritance of behavior yet published. More than five hun- 
dred experimental and statistical studies are summarized and evaluated in chapters on 
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’ 


“variations in sensory and perceptual processes’ 
abilities” 


, “intellectual 


, “response processes’ 
, “personality and temperament”, and “mental disorders’’. 
Fuller’s and Thompson’s book provides a panoramic view of behavior genetics. It shows 
a field in which a vast amount of exploratory work has been done already. Unfortunately, 
the quality of this research is uneven. Much of it was done by investigators whose primary 
training was in the behavioral sciences and who, in many instances, apparently were un- 
aware of the methodological and statistical tools of modern genetics. It can be hoped that 
this book will help to change this situation, and that it will stimulate newcomers to the 
field to gain familiarity with genetics in general and biometrical genetics in particular. 
One major weakness of behavior genetics is vividly reflected in the pages of this book. 
Each of the many behavioral scientists whose work is summarized seems to have had his 
own psychology, his own descriptive categories, his own private language. If this book 
points out to psychologists the need to acquire and to use the language of the other life 
sciences, and if it thus helps to overcome the language barrier which apparently separates 
many students of behavior from students of heredity, it will have had a salutary effect. 
As this reviewer sees it, the future of behavior genetics lies in research carried out jointly 
by geneticists and psychologists. But there is little hope for such co-operation as long as 
there exists no effective communication between the two groups of investigators. 
Jan H. 
Behavior Genetics Laboratory 
Western Reserve Unwersity 
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Phenodeviants and Genetic Homeostasis 


October 6, 1960 


To the Editor 


Dear Sir: 

Since Heuts in his Socratic dialogue on evolution (Archives de Philosophie, vol. 23, 1960) 
recalled Woodger’s observation, that among biologists the term mystical merely refers to 
something one disagrees with, I have ceased objecting to being so labelled. But I still object 
to irresponsible distortion and attribution to me of hypotheses diametrically opposed to the 
ones I have offered for examination in my book, ‘‘Genetic Homeostasis.’’ Granted, that by 
injudicious usage of such terms as “heterozygosity per se,’’ and ‘“‘obligate level of heter- 
ozygosity,’’ I have provided infinite opportunities for quoting me out of context as espous- 
ing one or another view. When, however, explicit statements are to be found which leave no 
doubt as to what is meant, it seems to be a highly dubious procedure to interpret the terms, 
inadequate as they may be, ad libitum. 

Thus a favorite target has been figure 7 on page 67 of the book, which is sometimes re- 
ferred to as evidence of my failure to accept the idea that gene action is specific. Yet the 
discussion, accompanying the figure distinguishes between specific gene action (or function) 
and interchangeable gene effects on the phenotypic level to which the diagram refers. Simi- 
larly, I have been represented as holding the view that balanced polymorphism is the situa- 
tion to be found at all loci, in all populations of all species, at all times. On the contrary, I 
have repeatedly pointed out that no population can afford to maintain too many heterotic 
loci or blocks simultaneously. Furthermore, a concrete model of temporal succession of 
balanced polymorphisms is outlined in detail on p. 113 of the book. 

The present remarks are provoked by the statement of Morton, appearing on p. 358 of the 
current volume of this journal: ‘‘. . . Lerner’s mystical thesis that phenodeviants cannot in 
principle be referred to any specifiable set of loci, but represent the effect of too high a level 
of homozygosity per se (an hypothesis that would require that all types of phenodeviants be 
increased in affected individuals and their sibs). . . .”? There seem to me to be three possible 
ways in which this assertion could have been made in the presence of reiterated explicit state 
ments on my part (e.g. on page 69 of the book) that the hypothesis advanced (whether it is 
right, partly right, or wrong) is that overly homozygous individuals are developmentally 
labile, but that the direction in which this lability will express itself, i.e. the particular type 
of phenodeviant which will show a rise in incidence under inbreeeding, is determined by the 
specific alleles present. Of the three possibilities, I am unwilling to accept deliberate mis- 
representation nor failure of comprehension of what I wrote (even though, as noted above, 
I do plead guilty to providing far too many openings for being quoted out of total context). 
The remaining one is simply that Morton has not read the book he cites, or at least has not 
read it sufficiently carefully. This, Iam sure, is not his loss, nor a matter of great significance 
in general. Yet, were it not for his failure to follow the common custom of verifying before 
publication what the thesis he discusses actually was, he would not, I assume, have con- 
structed and then demolished a man of straw, under the curious illusion that this operation 
has something to do with proving or disproving the hypothesis I proposed. 

I. LERNER 
Department of Genetics 
University of California 
Berkeley 4, California 
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Phenodeviants and Genetic Homeostasis 


November 3, 1960 


To the Editor 
Dear Sir: 

It was wrong of me to imply that Prof. Lerner endorses the hypothesis of nonspecific 
action of heterozygous gene pairs which he represented in figure 7 of Genetic Homeostasis and 
in the accompanying discussion on pages 66-67, but rejected on page 69. The reference in my 
paper to ‘‘Lerner’s mystical hypothesis’’ should read ‘‘the mystical hypothesis’’. Since no 
proponent of this hypothesis has come forth, it should remain, if not nameless, at least not 
eponymous. 

N. E. Morton 
Department of Medical Genetics 
University of Wisconsin Medical Schoo 


Human X-Chromosome Arm Ratios and Percentages 
of Total Complement Length 


Nov. 28, 1960 
To the Editor 
Dear Sir: 

Sandberg ef al. (1960) have reported that the human X-chromosome is heteropycnotic 
and allocyelic in human marrow and mentioned the value of this feature in its identification. 
Patau (1960) has discussed differences between different authors regarding the chromosomes 
that they have identified as the X. The possibility seems to have been generally neglected 
that the ranking of the human X-chromosome and also its arm ratio may change with the 
total complement length in cells of different sizes or types in the same or different tissues. I 
have published some evidence from the analysis of somatic chromosome complements of 
higher Diptera that the heterochromatic sex-chromosomes constitute a different percentage 
of the total complement length (TCL) in long complements than they do in short comple- 
ments, and also, that where one arm of a chromosome is heterochromatic and the other 
euchromatic, the relations of the arms may change as the total length of the complement 
changes (Boyes and Slatis, 1954). 

I have recently analyzed fifty somatic mitotic chromosome complements (2n = 12) of 
Musca domestica L. (the house fly) ranging in total length from 49u to 128. (Such length 
differences cannot be attributed to variations in squashing only.) The X- and Y-chromo- 
somes are strongly positively heterochromatic (and heteropycnotic) in this species and the 
euchromatic autosomal pairs are not difficult to identify. The percentages of the TCL for 
2ach of the pairs of chromosomes as obtained from the ten longest complements (av. 104.0g, 
ranging from 88.7y to 128.1u) are listed below with those from the ten shortest comple- 
ments (av. 53.54, ranging from 49.0u to 56.1,). 


I Il III IV | Vv VI 
Ten long comple- | 
ments 
Average % TCL 15.6 13.6 14.8 156.5 | 19.7 20.8 


Range in % TCL 13.8-17.9 | 12.7-14.6 | 13.9-16.2 | 14.0-17.6) 18.7-20.4) 19.6-21.7 
Ten short comple- 
ments 
Average % TCL 20.0 13.3 14.5 15.6 17.4 19.2 
Range in % TCL 18.4-22.1 | 12.8-14.8 | 12.8-15.7 | 14.4-17.3) 16.2-19.3) 18.3-20.8 


The X-chromosomes are pair I (using twice the X for males which, as checked in these 
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figures, does not affect the result), and corresponding average values for the Y-chromo- 
somes are 6.4% for the long complements and 8.1% for the short ones. In the very longest 
complements pair Tis about the same in actual length as the shortest autosomal pair and in 
very short complements pair I is often the longest pair. It should be clear that any attempt 
to arrange these chromosome pairs in a sequence according to their percentages of the total 
complement length must take into account the actual total length of the complements. 

If the X is heteropyenotic in humans, as Sandberg et al. report, then it may constitute a 
different percentage of the total in long complements than it does in short ones and ac- 
cordingly its position in the sequence of chromosomes may be different in long complements 
than it is in short ones. Also if one arm of the X contains more heterochromatin than the 
other arm it is possible that the X-chromosome arm ratios will be different in longer comple- 
ments than in shorter ones. This would mean that a cyiologist working on long complements 
would give the X-chromosome a different position in the chromosome sequence and might 
also find a different arm ratio than would a eytologist who works with short complements. 
Thus it is entirely possible that the different results of different authors may simply be a 
consequence of the fact that they have worked with complements of different total lengths 
and not a consequence of their selection of different chromosomes as the X-chromosome. In 
a search of a number of recent publications on human chromosomes, which have listed per- 
centages of the total complement length in detail, I have failed to find any definite state- 
ment of the actual lengths of the complements in microns or other units. 

There are other points that merit mention in this connection. It is possible that pretreat - 
ment with agents such as colchicine and heat will affect one or both arms of the X-chromo- 
some differently than the autosomes so that its arm ratios or percentage of TCL will no 
longer be normal. In Patau’s calculation of the lengths of the long and short arms of the 
X-chromosome, using autosomes of the C group plus one X from males or two X’s from 
females, if the arm ratio or the percentage of the TCL for the X-chromosome changes with 
the total complement length, it is to be expected that his calculations will give different 
results when complements of different total lengths are used as a basis for the calculation. 
Thus a further refinement of his method of calculation may be possible. It is also possible 
that the X-chromosomes have somewhat different characters when they are present singly 
(as in the male), in duplicate (as in the female), or in triplicate. Perhaps I should also men- 
tion that the differences in fly chromosomes as related to the TCL apparently involve heter- 
opyenotie or heterochromatic chromosomes or parts of chromosomes, rather than a feature 
specific to sex-chromosomes as such, since in certain species that have non-heteropyenotic 
sex-chromosomes I have not found corresponding differences in long and short complements. 

Details regarding some of my observations will be presented elsewhere but it does seem 
worth while to draw attention to this factor here and also to suggest earnestly that the 
actual measured total complement length be included when percentages of the total comple- 
ment length are presented for human somatic chromosome complements. In those cases 
where the human X-chromosomes can be identified as heterochromatic, or heteropyenotic, 
analyses should confirm or rule out the possibility that the human X-chromosomes of long 
complements differ either in percentage of the the TCL or in arm ratio from those of shorter 
somatic chromosome complements. 

J. W. Boyes 
Department of Genetics 
McGill University, Montreal 
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Genetics of Some Microorganisms 


HERSCHEL ROMAN 


Department of Genetics, University of Washington, Seattle 


THE FIELD OF MICROBIAL GENETICS is about 20 years old. It has experienced a 
very rapid growth and has been the subject of numerous symposia, the last one 
of magnitude being the 10th Symposium of the Society for General Microbi- 
ology, held in London in 1960 (Cambridge University Press, 1960). 

The separation of genetics into microbial and other genetics is made as a 
matter of convenience. What holds the field together as some kind of entity is 
the style of attack on certain problems important to genetics, the use of certain 
types of techniques. Neurospora, for example, is regarded as a microorganism 
and was selected for a study of gene-enzyme relationships by Beadle and Tatum 
(1941) because it is capable of growing on a defined and simple chemical me- 
dium. This made possible the extensive study of biosyntheses and their genetic 
control and led in turn to the isolation of enzymes concerned with specific steps 
in specific biosyntheses. Formally, however, the genetics of Neurospora is quite 
similar to the genetics of higher organisms. In Neurospora as in man, the nuclear 
cycle‘gonsists of an alternation of the diplophase and haplophase states. In both 
organisms, the reduction of the diplophase to the haplophase occurs as a conse- 
quence of meiosis; the diplophase is re-established by the fusion of two haploid 
nuclei. 

It is precisely this feature of equivalent nuclear contribution to the next gen- 
eration which has provided a technical stumbling block to ascertaining the 
nature of the genetic material. The chromosome is an array of protein, deoxy- 
ribonucleic acid, and ribonucleic acid (at perhaps only some stages) as principal 
organic constituents. It has not been possible in higher organisms and in micro- 
organisms such as Neurospora to disentangle the effects of each of these 
constituents, because they are commonly found together in the life cycle of the 
organism. And it is because these constituents have b»en separable in the 
genetic study of viruses and bacteria that such microorganisms offer the in- 
vestigator the advantages which he needs for an attack en the problem of the 
nature of the genetic material. For the purposes of this symposium, I would 
like to confine my remarks to a discussion of viral and bacterial systems and 
the information a study of these systems gives us on the nature and function 
of the gene (see also M. Demerec, this Symposium). 

The most direct evidence implicating DNA as the genetic substance comes 
from studies of bacterial transformation and dates back to the work of Avery, 

Presented as part of a Symposium on Genetics held at Western Reserve University, 
October 10-12, 1960. The symposium was supported by Grant G-9370 from the National 
Science Foundation. 
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MacLeod, and McCarty in 1944, with Pneumococcus. The DNA extracted from 
donor strains can confer donor properties on recipient strains. The process of 
transformation involves the uptake of DNA particles by host cells and the 
incorporation of the information contained in these particles into the bacterial 
chromosome. How this incorporation occurs is not known, whether the particle 
or a portion of it is inserted into the bacterial chromosome or whether the bac- 
terial chromosome when it replicates copies the information contained in the 
donor particle. In any case, the information contributed by the donor strain 
in this way becomes a part of the genetic apparatus of the bacterium and is 
transmitted to its progeny. The DNA may be extracted from the transformed 
bacteria and used to transform recipient bacteria in the same way. At present, 
transformation is reliably reproducible only in a few species of bacteria. It 
has, however, been reported in organisms other than bacteria, namely, in ducks 
(summarized by Benoit, Leroy, R. and C. Vendrely, 1959) and in yeast 
(Oppenoorth, 1960). These extensions of transformation await confirmation. 

Further evidence of the importance of DNA is obtained in interactions 
between viruses and bacteria. The bacteriophage consists of a protein envelope 
and a core of DNA. After adsorption on the surface of the bacterium, the phage 
particle injects its DNA and the protein coat remains outside. This was demon- 
strated by Hershey and Chase (1952) by marking the DNA with radioactive 
phosphorus and the protein coat with radioactive sulphur. What happens next 
depends on the system which is employed for investigation. In the case of virulent 
phage, the injected DNA undergoes replication, producing a large number of 
copies of the original DNA. Protein envelopes are formed around the indi- 
vidual DNA particles, the bacterial cell undergoes lysis and liberates up to 
several hundred new virulent phages. In the case of temperate phages, the in- 
jected DNA may become associated with the genetic structure of the bacterium 
in some way which allows for its replication synchronously with the replication 
of the bacterial chromosome. This is the condition of lysogeny and the phage 
material in this state is called a prophage. The association may be indiscriminate 
in its position along the bacterial chromosome, as in Salmonella (see Demerec, 
this Symposium), or it may occupy a specific position in the chromosome, as in 
lambda phage of E. coli. In general, the acquisition of the prophage confers 
on the cell an immunity to destruction by infection with phage of the same 
type. However, the lysogenic state is reversible and can be overcome by a 
variety of agents, for example, ultraviolet light in small dose. The prophage 
then becomes activated and the lytic cycle previously described is achieved 
with the consequent destruction of the cell. 

Our inquiry into the interaction between entering DNA and the genetic 
apparatus of the cell is broadened by a consideration of transduction, dis- 
covered by Zinder and Lederberg in 1952, in Salmonella. In temperate phage- 
bacterial systems, some of the phage particles which are released upon lysis 
carry within them a portion of the DNA of the bacterial chromosome. In- 
fection with such phage particles can lead to the permanent acquisition, by 
the bacterium infected, of one or more of the characteristics of the bacterium 
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from which the phage was obtained. In other words, genetic information may 
be transmitted from bacterium to bacterium via phage as a vector. In some 
cases, as in Salmonella, transduction is non-specific; that is, any one or more of 
a large number of characteristics can be transduced. In other cases, a very spe- 
cific type of transduction is obtained. For example, lambda prophage in E. coli 
is known to be associated with the bacterial chromosome at a specific point near 
a gene for the utilization of galactose. When lambda prophage is induced to 
enter the virulent stage, it is found that the released phage frequently carries 
also the bacterial gene for galactose utilization (Morse, Lederberg, and Leder- 
berg, 1956). The earlier conjecture, therefore, of an intimate association of 
prophage with the genetic material of the bacterial chromosome can now be re- 
garded as correct, although the nature of the association is still a subject of 
investigation. 

Transformation and transduction represent two ways of achieving genetic 
communication between cells of microorganisms. There is a third way, demon- 
strated in strain K12 of E. coli, which involves the interaction of whole cells 
(Lederberg, 1947). 

The cells of K12 are sexually differentiated (Hayes, 1952; Lederberg, Cavalli, 
and Lederberg, 1952). One of the cell types, the F— type, serves as the recipient 
in crosses with a second type, designated Hfr because it was first.identified as 
a cell type which gave an exceptionally high frequency of recombination in 
crosses. Conjugation of F— and Hfr cells occurs soon after the strains are mixed. 
There follows a unidirectional transfer of genetic material from the Hfr cell to 
the F- cell (Wollman, Jacob, and Hayes, 1956). 

The curious feature of this transfer is the precision of the time schedule of 
the entrance of Hfr markers into the F— cell. The first Hfr strain investigated 
carried the markers for threonine independence, leucine independence, resistance 
to azide, resistance to phage T1, lactose utilization, galactose utilization, and 
lambda prophage. At eight minutes after the cells had conjugated, the threonine 
marker from the Hfr parent entered the recipient cell, at 8’ minutes the leucine 
marker entered, at 9 minutes the azide marker and the progression continued 
until at 26 minutes lambda prophage entered the cell. The successive appearance 
of these markers in step-wise fashion could be verified because the Hfr parent is 
separable physically or functionally from the F— conjugate at a desired 
point in time, by shearing the conjugants apart in a blendor or by selective 
techniques which destroy the Hfr partner, such as the use of a virulent phage 
or an antibiotic to which the Hfr cell is sensitive. Thus it became evident 
that there was an oriented transfer of a genetic strand from the Hfr donor 
to the F— cell and not a random introduction of genetic material from one 
cell to the other. 

Another unexpected feature of this system came to light in the following 
way. There is a third type of cell, designated F+, which also serves as a donor. 
When a cross is made of F— by F+, the F— cells are rapidly converted into 
F+ cells and thereby lose their ability to act as recipient cells. However, al- 
though a high-frequency transfer of genetic material is thus signified, the 
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exchange includes only very infrequently the other markers of the F+ strain, 
a thousandfold less frequently than is found in F— by Hfr crosses. The trans- 
mission of the other markers in F— by F+ crosses appears to be due to the oc- 
currence in the F+ strain of Hfr mutants capable of high-frequency trans- 
mission but present in small numbers in the F+ population. These were looked 
for and found (Jacob and Wollman, 1958). Again, each of the newly isolated 
Hfr mutants, in crosses with F— strains, transmitted markers in an oriented 
fashion and according to a definite time schedule. However, each of the Hfr 
mutants differed from the others in the pattern of transmission. 

Two rules emerged from the data. First, any of the markers employed could 
serve as the lead marker in the oriented transfer, although the lead marker 
was specific for a given mutant Hfr. Second, all of the markers which followed 
the lead marker entered in one array, from a given Hfr mutant, or in a second 
array, inverted with reference to the first, from another Hfr mutant. For 
example, if the order of transmission of one Hfr parent is A B C D, the order 
of transmission of a second Hfr parent can be A D C B but not A C B D, nor 
any of the three other permutations. 

The patterns of transmission and the difference between the F+ and Hfr 
types in crosses with F— are explained in the following hypothesis: In F+ cells 
the bacterial markers, other than the F+ particle which determines the F+ 
state itself, are disposed along a circular chromosome. The F+ particle multi- 
plies independently of the chromosome and can be transmitted independently 
to confer the F+ property on F— cells. The F+ particle may also attach 
to the bacterial chromosome (this is reminiscent of the prophage condition) 
and thereby it becomes stabilized and loses its infective ability. The F+ 
cell in this way becomes an Hfr cell, the attachment of the particle to the 
bacterial chromosome resulting in the rupture of the ring structure. One end of 
the new linear strand becomes the lead point when entering the F— cell; the 
point of attachment of the F+ particle is at the other end. There are two ad- 
ditional points which the hypothesis explains, as it was meant to. First, the 
Hfr strain does not possess the infective property of the F+ strain and the 
F+ particle must therefore have become altered in the conversion. Second, in 
F— by Hfr crosses, the Hfr marker is transmitted last in the time sequence; 
this is the reason for placing the point of attachment of the F+ particle at 
the trailing end of the linear chromosome, on the assumption that the F+ particle 
exerts Hfr properties after attachment. 

The identification of the genetic material transmitted in bacterial crosses 
has not been made in as direct a fashion as in phage and transformation. How- 
ever it is a reasonable hypothesis that this is also DNA, for the following 
reasons: One can measure quite accurately the time sequence of the intro- 
duction of markers from the Hfr strain into the F— strain and dispose these 
markers in a linear series in which the distances between them are proportional 
to the time interval of entry. The necessary assumption is that the bacterial 
chromosome penetrates at a constant rate. The Hfr parent can be grown in 
P32 medium prior to conjugation and the phosphorus-bearing compounds of 
the cell, including DNA, carry this atom. The Hfr parents are then stored 
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and aliquots are taken at intervals of time for crosses with F— parents to see 
what has happened to the transmission of the markers. It is found that the 
frequency of transmission goes down as the time of storage increases and that 
the markers are lost more readily, the farther they are from the lead point. If 
it is assumed that the reason for both effects is the disintegration of P32 atoms 
with the consequent destruction of chromosomal continuity along the length 
of the chromosome, and if it is further assumed that the P32 is distributed uni- 
formly along the chromosome, it is possible from the rates of loss of the markers 
to calculate the relative distances between them. Such a map conforms re- 
markably well to the map obtained by the blendor experiment with non-radio- 
active cells. The experiment therefore suggests that the genetic material which 
is being transferred contains phosphorus and the reasonable conclusion is that 
this substance is DNA. 

Although there have been important accessory discoveries in microbial ge- 
neties, I have stressed the evidence for the role of DNA as the genetic substance. 
The biologist is concerned with the question of the extent to which these findings 
are applicable to all organisms including man. There are a number of observa- 
tions which suggest that we are dealing with fundamental mechanisms and not 
with adaptations specific for certain forms of life. First, DNA is ubiquitous in 
the chromosomes of higher forms. The structure which has been given for DNA 
by Watson and Crick (1953) has two merits which fit the requirements of the 
genetic substance. It is complex enough to contain the structural information 
which is required for the many specific substances found in the cell and manu- 
factured under the control of the genes; one can also see from its structure how 
such a molecule could replicate itself to produce like molecules, as must be done 
in each nuclear division. The type of replication predicted by the Watson-Crick 
model has been found experimentally by Meselson and Stahl (1958) in bacteria; 
significant in our context is the fact that the same kind of evidence has been 
obtained in higher plants (Taylor, 1958). Furthermore, the recombination which 
occurs between viral particles in bacterial cells bears a similarity to a type of 
recombination which has been found in organisms with more conventional chro- 
mosomes (see Roman and Jacob, 1958). Both types are characterized by the 
recovery of nonreciprocal products, and are in this sense different from crossing 
over. 

Finally, the central hypothesis in genetics and biology today is the hypothesis 
that DNA is the carrier of primary genetic information and transmits this 
information via RNA to the protein molecules which regulate the metabolic 
activities of the cell. In its simplest form, the hypothesis predicts a 1:1 correla- 
tion between DNA and protein structure such that a change in nucleotide se- 
quence in the DNA molecule results in a corresponding change in the amino 
acid sequence of the protein. The best evidence at the present time for this hy- 
pothesis comes, not from microorganisms, but from man, in the finding by 
Ingram (1957) that changes in a gene for hemoglobin synthesis are correlated 
with changes in the type of amino acid residue occupying a specific point in the 
hemoglobin chain. 

When, during the last 10 to 15 years, the experimentation which I have re- 
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ferred to in this paper began to yield the unpredictable and at first puzzling 

results which I have described, explanations were sought in what was then known 

about the genetics of higher organisms. Microbial genetics now has developed 

a theoretical structure of its own. It has contributed to a wider understanding 

of the means of genetic communication between cells, and the relation be- 

tween such communication and disease. We still depend on classical genetics 
for an interpretation of the results obtained with microorganisms but the ex- 
change is now becoming two-way; the results of microbial genetics are inspiring 
new lines of experimental approach in the investigation of the genetics and 
physiology of higher organisms. 
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Developmental Genetics of Mammals 
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Tue suirt from the discussion of the Genetics of Microorganisms in the pre- 
ceding paper to that of Developmental Genetics of Mammals requires much 
reorientation, as you must all realize, for a number of reasons, some of which 
will become apparent in the course of this presentation. But since man is a mam- 
mal, there are many aspects of mammalian genetics which touch particularly 
closely on problems encountered in studies of human genetics. Therefore, it seems 
fitting to discuss developmental genetics of mammals in a Symposium on Ge- 
netics directed primarily to a medical audience. 

Before starting with the actual topic assigned to me, I should like to define 
briefly the type of problems which we are facing in the area of developmental 
genetics. Developmental genetics is, of course, one of many chapters of physio- 
logical genetics which is concerned with the analysis of mechanisms by which 
genes produce their effects, rather than with the mode of transmission of the units 
of heredity, as analyzed with methods of statistics. One of the greatest, if not 
the greatest representative of this aspect of genetics was Richard Goldschmidt 
and to Goldschmidt ‘‘developmental genetics’ was indeed physiological genetics 
as evidenced in his book Physiologische Theorie der Vererbung (1927). 

Whenever we ask the question of how a gene produces a certain observable 
effect, no matter what organisms or what particular traits in an organism are 
under investigation, we are asking a question of development, and we are trying 
to find out as much as possible about the individual steps intervening between 
the so-called primary action of the gene and the manifestation of its effect. This 
applies to studies of gene controlled biochemical lesions as well as to those of 
structural characters: all such studies are concerned with the physiology of the 
gene. 

In dealing with problems of developmental genetics in mammals we must 
remember that the organism concerned is one with a highly complex type of 
epigenetic development. From the stage of the fertilized egg to that of the fully 
formed newborn a series of continuous dynamic changes occurs with intricate 
and intimate interrelationships of developing cells, tissues and organs. The 
analysis of these interrelationships and of the sequence of developmental proc- 
esses, ‘‘epigenesis,”’ has been to a large extent the area of experimental and causal 
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studies of embryonic development. The role of genes in these epigenetic processes 
was recognized early by Morgan, Goldschmidt, Wright, Dunn, and has been the 
subject of much work in a number of laboratories. 

The aims of such studies have been manifold. To find out more about the role 
of genes in development is one of them, which might come under the heading of 
genetics of development. To analyze the sequence of individual steps between 
gene action and gene manifestation is another aim, which inquires into the devel- 
opment of gene effects. Such studies show, among other things, that the same end 
effects may be obtained by different developmental pathways. In this connection, 
studies of developmental genetics are contributing much to the analysis of the 
steps by which congenital abnormalities arise, a problem which has come very 
much into the limelight lately in medical circles. 

Our own attention has been directed primarily to still another aspect of devel- 
opmental genetics, namely, that where it contributes to the field of embryology. 
The causal analysis of development in mammals has suffered greatly from dif- 
ficulties of methodology. Obviously experimental procedures such as those used 
in lower vertebrates are not easily applicable to studies of mammalian develop- 
ment. It is, on the other hand, as yet not possible to transfer concepts and mech- 
anisms of cell heredity in micro-organisms to problems of cell differentiation of 
higher organisms beyond the realm of speculation. The complex system of inter- 
related processes, the orderly pattern of differentiation, the causal sequence of 
events from the uncleaved egg through the multicellular but undifferentiated 
early embryo to the formation of, e.g., the nervous system, the circulatory, the 
digestive and excretory systems, still remain full of questions. Consequently, 
methods have to be found which permit direct approaches to such problems in 
mammals. One method in the causal analysis of normal mechanisms is the study 
of abnormal states. This is perhaps particularly true in the study of biological 
phenomena: the analysis of the gene, of certain aspects of human physiology, of 
development, were only made possible by the existence of abnormal conditions. 
In developmental genetics we frequently make use of abnormalities of develop- 
ment produced by the gene, for a study of processes and mechanisms of normal 
development. 

In trying to acquaint you in this short period with some of the problems, ap- 
proaches, methods and concepts of developmental genetics of mammals, it might 
be worthwhile to present here some actual examples of work done in this field. 
These have been selected under the influence of a number of factors, among them, 
the desire to illustrate different concepts and principles of developmental genetics, 
to cover different phases of development between fertilization and birth, and the 
perhaps expected preoccupation with one’s own work, although.I have tried to 
include other people’s studies as well. 

The methods used in developmental genetics studies in mammals vary of 
course with the material, the investigator’s specific interests, experimental pro- 
cedures available, etc. In principle, however, they show much resemblance and 
consist of: 

1 Analysis of mode of genetic transmission of the particular trait under study. 
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2. The systematic study of developmental stages preceding the first observed 
manifestation of the gene, usually working one’s way backwards towards earlier 
and earlier stages of development. 

3. Observation and description of the sequence of events with different 
methods, some essentially morphological, others biochemical and physiological. 

4. Finally any tentative conclusions derived from observational studies have 
to be put to experimental test. 

Although development in the strictest sense of the word starts with fertilization, 
if not gametogenesis, and continues until death, with birth representing an im- 
portant milestone but not the “end” of development, I shall restrict myself in 
this discussion to the period between fertilization and birth. Those of you who 
know me will not be surprised that the organism I shall mainly or exclusively 
talk about is the house mouse. The mutations whose effects on development I 
shall discuss all act as lethals when homozygous, i.e., their interference with nor- 
mal development is severe enough to result in death during development. Time 
of death varies in the case of the different lethal mutations from before implanta- 
tion in the uterus to a few hours after birth. 

One group of such recessive lethal mutations, members of the T-series in 
Chromosome IX of the mouse, presents particularly interesting features from a 
number of different points of view. The one I should like to mention first con- 
cerns their effect on male fertility. Males heterozygous for two different recessive 
lethals are either completely sterile or show severe reduction of fertility. Recent 
studies of the mechanism of this sterility carried out in our laboratory (Braden 
and Gluecksohn-Waelsch, 1958) indicated that sperm from such males failed to 
function normally in the female genital tract. It could be shown by counts of 
sperm in the uterine tubes of females that sperm from sterile t/t males were 
unable to reach the site of fertilization apparently due to a failure to traverse 
the utero-tubal junction. This finding is interesting in connection with the obser- 
vation that when mixtures of sperm from different species are injected into the 
uterus of the rat, only the species’ own sperm, i.e., that from the rat, is able to 
traverse the utero-tubal junction (Leonard and Perlman, 1949). This junction 
thus acts as a barrier against ‘‘foreign’’ sperm and it seems that in the case of the 
mouse mutations, properties have been imposed on the sperm which interfere 
with its normal passage through te berrier at this junction. 

One of the recessive mutations result:ng in male sterility in combination with 
other recessives at the T-locus, is kiiewn as ¢®. In homozygous condition it rep- 
resents the earliest known and analyzed — + rven'e lethal. Embryos homozygous 
for ¢2 stop development prior to bile .aevst form.tica at a stage of about 30 cells 
at around 80 hours after fertilizatiou « -:aith, 1956). The concentration of RNA 
was found to be lower and the shape of the nucieoli abnormal. Organization of 
the cells of the ¢2 homozygous morula is impaired in the sense that differentiation 
of the cleaved egg into an embryonic part and a trophoblast part fails to occur. 

Another lethal in the same series, ¢°, interferes with normal organization of the 
embryonic material and with mesoderm formation. Several more lethals at the 
same locus (e.g., @, ¢®) have been studied and found to affect fundamental 
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processes of early embryonic organization and differentiation. Two dominant 
mutations with recessive lethal effects located in the same region of the 9th chro- 
mosome produce their lethal effects by interference with essential steps in em- 
bryogenesis. The targets are notochord differentiation in the case of one and the 
normal mechanism of organizer action in the other. 

All of these particular mutations whose effects have been described in detail 
(Gluecksohn-Waelsch, 1954) occupy a short region of chromosome IX of the 
mouse; this region then seems to be concerned with various early developmental 
processes, e.g., notochord formation, its inductive effect on the nervous system, 
mesoderm formation etc. I am sure you all remember the significance of noto- 
chord-mesoderm material in organization and differentiation of early vertebrate 
embryos as demonstrated so elegantly by Spemann in transplantation experi- 
ments. Here then in a mammal we have an example of how gene effects may be 
put to use as tools in effecting the type of lesion which the experimenter produces 
in material more suitable for experimental approaches and which provided the 
basis for all of our present knowledge of causal mechanisms of vertebrate develop- 
ment. At the same time, the existence of a short chromosomal segment, changes 
in which result in interference with early developmental mechanisms seems of 
particular interest in connection with studies of the role of genes in cell differen- 
tiation and development. In this case it might be tempting to speculate if we 
may not be dealing with some kind of assembly line arrangement of genes along 
the chromosome affecting steps of development perhaps in sequential order. 
However, it is obvious that in higher organisms the relationship between gene 
organization and control of morphogenetic processes is considerably more com- 
plex than for example, gene controlled enzyme synthesis in lower organisms. 

I should like to mention at this point another observation on one of the muta- 
tions located in Chromosome IX of the mouse. Fused is a dominant mutation 
whose effects are expressed primarily in abnormalities of the spine. It was orig- 
inally described as lethal in homozygous condition with severe abnormalities of 
the nervous system. Outcrosses to different normal strains, however, made it 
possible to find a genetic background on which Fused homozygotes are fully 
viable with only minor histological abnormalities of the nervous system (Theiler 
and Gluecksohn-Waelsch, 1956). Thus, it is possible to modify the lethal action 
of a gene and make homozygotes viable by a change of the residual genotype. 

The next mutation has been chosen for discussion here in order to illustrate a 
particularly elegant method of study; it is the yellow lethal in the mouse and the 
first mammalian developmental lethal ever to have been reported (Cuenot 1905). 
Yellow shows a dominant effect on hair color, and a recessive lethal effect, since 
yellow homozygotes are unable to implant in the uterus. Failure of erosion of the 
uterine epithelium is observed possibly as a result of enzyme deficiency on the 
part of the homozygous embryo. In the analysis of the yellow mutation, an in- 
teresting method was applied for the first time which since then has been put to 
use repeatedly (Robertson, 1942). Ovaries from mothers heterozygous for yellow 
were transplanted into previously ovariectomized normal mothers who were 
then mated to yellow heterozygous males; the resulting yellow homozygous 
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embryos could be compared with those developing in the heterozygous mother 
and the effect of the uterine environment on the development of yellow homozy- 
gotes could be studied. This was the forerunner of the experiment where ovaries 
from mutant inviable embryos were transplanted into normal hosts making it 
possible to obtain offspring from “unborn mothers.” 

One of the most interesting concepts of developmental genetics is that of 
pleiotropic gene effects, which I should like to discuss now on the basis of studies 
of several different mutations. ; 

The first example is taken from a study of the Splotch mutation carried out by 
Robert Auerbach (1954) while he was a graduate student in our laboratory. 

Splotch has recessive lethal effects and its presence in heterozygous condition 
is recognized by the existence of white spots on otherwise black mice. When 
heterozygous Splotch animals were mated with each other and females dissected 
subsequently in different stages of pregnancy, roughly 25% of all embryos were 
found to show abnormalities of the nervous system such as rhachischisis, cranio- 
schisis, ete. These were considered to represent the homozygous class missing at 
birth, and they revealed absence of spinal ganglia and dorsal roots when studied 
histologically. Since Splotch heterozygotes have pigment deficiencies, a study of 
pigment formation in the homozygotes seemed of interest. However, since homo- 
zygous Splotch embryos die at 14 days after fertilization, i.e., at a time before 
pigment actually appears, it was necessary to transplant pieces of skin from 
embryos prior to time of death to different sites, e.g., the eye of adult mice, or 
the coelom of chick embryos in order to study pigment formation in the skin. 
In this way it was found that Splotch in homozygous condition completely sup- 
pressed pigment formation. In this connection, I should like to draw attention to 
the fact that tissue from Splotch ‘‘lethal’’ embryos is able to survive much beyond 
the time of death of the whole embryo and that Splotch thus does not act as a 
cell lethal. The cause of death of Splotch homozygotes at the particular time of 
14 days is as yet not known. We suspected a possible abnormality of hematopoie- 
sis since death occurs at the time when in embryos hematopoiesis in the fetal 
liver begins to decline and a shift occurs to bone marrow as site of blood forma- 
tion. However, no evidence for any disturbance of this shift in Splotch homozy- 
gotes has been found as yet. We thus deal in Splotch homozygotes with the asso- 
ciation of defects in the nervous system and in the pigment forming system. 

This association can at the moment not be explained although in search for a 
common cause one might look for a possible disturbance of differentiation of 
neural crest, a tissue concerned with pigment cell formation as well as neural 
differentiation. 

A similar association of defects, this time in three developmental systems, 
namely pigment, blood and germ cells, was studied in our laboratory in another 
mutation in the mouse, “‘Steel,’”’ by Dorothea Bennett (Bennett, 1956). 

One of the many intriguing questions arising in the analysis of such mutations 
is that of the possible identification of the developmental mechanism common to 
the different effects observed. A number of possible schemes may be devised to 


explain such associations: 
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1. One of the effects (A) may precede the two others (B and C) which may be 
dependent on the first one. Only the first effect may trace back to the gene di- 
rectly. 


Gene — A — or 


2. The different effects are not dependent upon each other, but are results of 
truly multiple effects of the gene. 


A 
Gene —— B 


3. Another possibility is that the gene produces some effect, perhaps of a meta- 
bolic nature, to which the three organ systems react. 


Gene — Metabolic Effect —;——~ B 


The first type of mechanism—where each effect is causally related to the pre- 
ceding one—is known in the literature as pedigree of causes and the champion of 
this type of mechanism is Griineberg (Griineberg, 1943). In such pedigrees a 
number of symptoms resulting from the effect of one gene are arranged in se- 
quential order and finally ascribed to one primary symptom; causal connections 
are postulated between the different events, A being responsible for B, B for C, 
ete. Although such a scheme may provide a useful working hypothesis, it seems 
to me that one has to be extremely careful in the construction of such “pedigrees 
of causes’’. Frequently causal connections between two events have been postu- 
lated merely because one occurred earlier in development than the other; how- 
ever, time or space correlation between two effects does not necessarily signify 
‘ausal relation between them. In the area of medicine there exist a large number 
of examples where symptoms are associated in a syndrome without any necessary 
-ausal connection between them even though one symptom may appear earlier 
than the other. 

I would like to illustrate this point by another example. There exists in the 
mouse an incompletely dominant mutation Sd, affecting development of the tail 
and posterior spine (Gluecksohn-Schoenheimer, 1945). 

Breeding data show that Sd is a lethal mutation, the homozygotes dying at 
birth. Further studies revealed that homozygotes lacked kidneys completely, 
whereas heterozygotes showed reduction in size or absence of one kidney. 

In this mutation, therefore, abnormalities of the tail and the posterior spine are 
associated with abnormalities of the urogenital system. The tail abnormalities 
seem to trace back to a cellular degeneration process in the mesenchyme of the 
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most distal part of the tail resulting eventually in complete resorption of the tail. 
The kidney abnormalities on the other hand, seem related to a disturbance of 
inductive inter-relationships between developing ureter and kidney blastema. To 
create a causal connection between these two disturbances because one, namely 
tail resorption, precedes the other would be entirely unjustified and not compat- 
ible with scientific reasoning. I should like at this point to quote Sir Charles 
Sherrington who cautions us that ‘‘to pick out this or that particular contributory 
condition in a conspiracy of reactions, and to label that particular one the cause 
is arbitrary and artificial.” 

In the case of the Sd mutation as in the two previously discussed, we are as yet 
at a loss to explain the manifold, i.e. pleiotropic effects of the mutation. They 
may be unrelated all the way back to the level of gene action or they may be due 
to one as yet unknown metabolic or other physiological effect of the gene to which 
all affected organ systems react. From the point of view of causal studies of de- 
velopment, the association of disturbances in certain developmental systems as 
the result of effects of different mutations appears intriguing because it indicates 
the existence of developmental relationships as yet unknown which should be- 
come objects of further investigation. 

Whenever pleiotropic effects of a mutation in the newborn or adult are observed 
one might, as a working hypothesis, assume that a developmental study of these 
effects may reveal a cause common to all effects. However, this assumption should 
be treated as a working hypothesis only, and in the cases discussed here, causal 
connections between defects of the spine and the urogenital system in Sd, or of 
pigmentation and nervous system in Splotch, or of pigmentation, erythropoiesis 
and germ cell development in Steel, could not be established. I would like to 
emphasize once more, however, how important the association of different effects 
in a certain mutation may be in furnishing information on as yet unknown nor- 
mal interrelationships of developing tissues in mammals. 

Frequently multiple effects of a mutation express themselves not in different 
organs or tissues but in different regions of the same organ system. One such 
mutation is phocomelia, a recessive with effects on different regions of the skel- 
eton (Gluecksohn-Waelsch, Hagedorn, and Sisken, 1956). Animals homozygous 
for the phocomelia gene show disproportionate dwarfism; fore- and hindlimbs are 
shortened and misshapen with abnormal patterns of chondrification and ossifica- 
tion; the head is short and small, and homozygotes die soon after birth because of 
a median cleft palate which prevents them from breathing and feeding normally. 
We undertook a developmental study of this mutation in the hope of finding 
some abnormality of early skeletal differentiation that might account for the 
malformations of newborn head and limb skeleton. However, neither morphologi- 
cal nor histochemical methods revealed any single factor responsible for the 
abnormalities observed. The pattern of skeletal differentiation in head and ex- 
tremities seems abnormal from the very start without any obvious deviation in 
those chemical substances normally associated with skeletal differentiation 
(Sisken and Gluecksohn-Waelsch, 1959). 

I mentioned at the outset 2 number of methods used in studies of developmen- 
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tal genetics in mammals, e.g. analysis of mode of genetic transmission of mutant 
factors, preparation of developmental stages to trace back the effects of these 
mutant factors into earlier and earlier stages of development, the use of various 
morphological, as well as histochemical or biochemical methods in the analysis 
of early developmental changes. Finally, I said that any conclusions derived 
from observational studies would have to remain tentative until they could be 
put to experimental test. For this latter point, I would like to cite one last example. 
You may remember that I mentioned earlier in this paper the mutation Sd where 
abnormalities of kidney development were traced back to early stages and where 
it seemed that disturbances of inductive relationships between ureter and 
nephrogenic blastema might be responsible for absence of kidneys or reduction 
in their size. The possibility of putting this conclusion to experimental test of- 
fered itself with the development of methods of organ tissue culture of mam- 
malian tissue. Organ rudiments from mutant and normal mouse embryos were 
put together in tissue culture in all possible combinations and resulting differen- 
tiation was studied. It appeared that the inductive ability of ureter rudiments 
and the reactive ability of the nephrogenic blastema were normal in mutant 
embryos. Failure of normal differentiation thus did not result from absence of 
inductive ability; it seemed rather the consequence of abnormal spatial relation- 
ships in the posterior trunk region of the embryos which prevented the contact 
between the two rudiments of the developing kidney necessary for inductive 
interactions to occur. 

I have tried to give you a brief and, by necessity, incomplete survey of studies 
of developmental genetics in mammals with the aim of acquainting you with the 
problems, methods, materials, potentialities, limitations, concepts and con- 
clusions of such studies. The role of genes in development, the elucidation of single 
developmental steps resulting in hereditary abnormalities, the problem of 
pleiotropic gene effects, the interrelationships of developmental systems, the 
problem of establishing causal connections betweer -vents observed, the necessity 
for experimental test of conclusions derived from cuservation: these are some of 
the points I discussed. In all these considerations, we were concerned with pheno- 
types differing from each other as the result of differences in genotype. You will 
realize that I have avoided completely any reference to the central problem of 
differentiation, namely, how cells with identical genomes develop into different 
cells, tissues, and structures. Among the theories advanced to explain this pheno- 
menon, I shall only mention differential gene activation. But it would re- 
quire a separate lecture to cover the present state of the problem of cell differ- 
entiation which is as much part of developmental genetics as the material I 
have discussed and therefore I do not intend to say more about it here. 
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The Nature of the Gene’ 


M. DEMEREC 


Department of Biology, Brookhaven National Laboratory, Upton, N. Y. 


We seem to be amply justified in assuming that the mechanism for transmitting 
genetic information is basically the same in all living organisms, and therefore 
that findings made in experiments with many different organisms can serve in the 
formulation of a working model of gene structure. 

The evidence for this assumption is derived from two widely different lines of 
study. The first is genetical research, which ‘has shown conclusively that the 
manner of transmittal of genetic information from parents to offspring is similar 
throughout the explored range of life—from the smallest known microorganisms, 
bacterial viruses, to the most highly organized mammals. The second line of 
evidence comes from biochemical studies, which indicate that nucleic acid is the 
carrier of genetic information. 

Although genetic mechanisms are fundamentally similar in all organisms, there 
are evidently some important variations among groups. It has been found, for 
example, that in plant viruses and certain animal viruses the genetic information 
is carried by RNA, whereas in other organisms the carrier is DNA. Another 
indication of difference is that in the small coliphages X-174 and S-13 the DNA 
is single stranded whereas in all other phages studied, as well as in bacteria and 
presumably also in higher organisms, it is double stranded. 

Moreover, there is good reason to deduce that there are considerable differences, 
as to details of organization of the genetic system, between the lower organisms 
and those higher in the evolutionary scale—differences that have developed in 
response to the necessity for improved function and better protection. The 
genetic material is the most precious possession of any species; and if a species is 
to persist, its genetic mechanism must be protected from an excessive induction 
of mutations—changes which, as a rule, are detrimental to individuals of the 
species. 

In unicellular organisms, particularly phages and bacteria, the tremendous 
number of individuals that constitutes a species is an adequate safeguard against 
extinction. Even if a large majority is eliminated as the result of detrimental 
mutations, those that remain will more than serve to perpetuate the species. In 
such organisms, therefore, the genetic mechanism requires no special protection; 
it may remain in a “‘naked”’ state. In multicellular organisms, however, the in- 
dividuals within a species are considerably fewer, and the species cannot afford 
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an excessive reduction of their number through mutations. Therefore the genetic 
material is afforded the direct protection of enclosure in a special organelle within 
the cell (the nucleus), and, during certain stages of the life cycle, is enveloped by a 
nucleoprotein casing. 


PHYSICAL LENGTH OF A GENE 


All our estimates about the size of genes, and about their numbers, are based 
on assumptions for which experimental support is still very meager. Thus they 
may quite possibly be far off the true mark. They serve a useful purpose, never- 
theless, as aids in the design of further experiments. 

The most recent estimate of the physical length of a gene was made by Levin- 
thal (see Trans. Ist Conference on Genetics, The Josiah Macy, Jr. Foundation, 
1959, pp. 104-105) in terms of molecular structure. He estimated the length of 
the gene locus controlling the phosphatase system in Escherichia coli strain K-12, 
using data obtained by Garen, which make it possible to calculate the amount 
of DNA between two phosphatase mutant sites as compared with the amount 
of DNA between two other markers, which can be measured more directly. He 
reached the conclusion that this gene comprises approximately 2000 nucleo- 
tide pairs. 

Since the distance between two nucleotide pairs in a DNA molecule is 3.4 A, 
the estimated length of the gene is 0.68 u«—an order of magnitude easily resolvable 
by the light microscope; but because the diameter of the double-stranded DNA 
molecule is only 20 A, the DNA string is too thin to be seen with the optical 
microscope. Supposing, however, that in the higher organism Drosophila the 
length of a gene is comparable to that estimated for the phosphatase gene of 
E. coli, then in the highly polytenic salivary-gland chromosomes—when com- 
pletely stretched, as they appear to be in the sections of material used by Bridges 
(1938) for preparing his salivary-gland-chromosome maps—a gene composed of 
2000 nucleotide pairs would not only be visible under the light microscope but 
would comprise a segment including several bands. Regarded in this light, Levin- 
thal’s estimate offers strong support to Bridges’ speculation of 25 years ago that 
a gene locus is represented by several bands on the salivary-gland-chromosome 
map. 

THE GENE AND THE DNA MOLECULE 


Phage T2 of FL. coli has been extensively analyzed genetically. So far, less than 
ten gene loci have been identified, and it does not seem likely that the total num- 
ber of loci exceeds thirty. Hershey’s work indicates that a particle of phage T2 
contains probably one—and at most, two—molecules of DNA (personal com- 
munication). Thus it is evident that each DNA molecule carries several, possibly 
many, genes. According to the available evidence, the molecular weight of the 
DNA in a phage particle is 10°; therefore the weight of one molecule of phage 
DNA is either 5 X 117 or 1 X 108, depending on whether the phage particle has 
one or two molecules. Assuming that the weight of phage-T2 DNA is 1 X 108, 
since the weight of each nucleotide pair is 400, the average number of nucleotide 
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pairs per phage particle can be calculated as 2.5 & 105. Then, if the number of 
nucleotide pairs per gene locus is about 2 X 10°, the DNA of each phage particle 
could accommodate more than 100 gene loci. If the number of loci is not larger 
than 30, however, it is evident that only the smaller fraction of phage DNA is 
genic, whereas the larger portion carries no genetic code. 

GENETIC STRUCTURE OF A GENE LOCUS 

Geneticists have worked out maps showing the relative locations of genes in the 
chromosomes of Drosophila and other organisms, by observing the frequencies of 
recombination between genetic markers located on each chromosome. The same 
principle is now being applied to investigate the fine structure of the gene itself 
and to construct maps of various gene loci. This work has been made possible 
by the development of very sensitive techniques for detecting recombination in 
microorganisms, especially in bacterial viruses and bacteria. 

In our laboratory we have a collection of about 4000 mutants of Salmonella 
typhimurium representing approximately 60 gene loci, identified on the basis of 
two criteria, namely, linkage relations and phenotypic expression. In the 56 cases 
in which two or more alleles of a locus are available for study, transduction experi- 
ments have shown that recombination between alleles can occur. Therefore, these 
gene loci are complex in structure; they are composed of many lineally arranged 
subunits or sites. Complexity is apparently not a special feature of certain loci 
but general to all, at least in Salmonella. Similar observations have been made in 
work with other microorganisms, particularly phages, Neurospora, Aspergillis, 
and yeasts, as well as maize (reviewed in Demerec and Hartman, 1959). It seems 
probable that the phenomenon in Drosophila known as pseudoallelism belongs in 
the same class. 


PROPERTIES OF GENE LOCI 
Number of sites 


A site can be defined as a subunit of a locus, at which mutation may occur but 
within which recombination has not been observed and presumably does not 
occur. Thus the identification of a site evidently depends on the sensitivity of the 
method available for detecting recombinants. The methods developed for work 
with certain loci in phages (Benzer, 1955) and bacteria (Demerec, 1956) are 
believed to be sensitive enough to detect recombination between two markers if 
there is a possibility of its occurring. In these organisms, therefore, it should be 
possible to determine experimentally the approximate numbers of sites in certain 
loci. The evidence so far available shows that the number of sites per gene locus 
is large. In the rII locus of phage T4, Benzer (personal communication) has al- 
ready identified at least 400 sites, with no indication that a saturation point has 
been approached. In the leu locus of Salmonella (Glanville and Demerec, 1960) 
52 different sites have been identified without any observed reoccurrence of 
mutation at the same site. According to a calculation made by Levine (Glanville 
and Demerec, 1960) the estimated number of sites in that locus is about 2000. 
All our present knowledge, in fact, makes it seem probable that the number of 
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sites per locus is large enough to justify the assumption that a site on a genetic 
map of a locus corresponds to a nucleotide pair of the Watson-Crick model of 


DNA. 


Differentiation among alleles 


Allelism, that is, the existence of different variants of a gene at a certain locus, 
has been recognized for a long time and constitutes one of the basic principles 
of genetical theory. Workers with microorganisms have several well defined criteria 
for distinguishing between allelic mutants. These include pattern of mutability 
(reversion), degree of spontaneous and induced mutability, ability to grow at 
different temperatures, ability to grow on minimal medium or medium partially 
enriched with the compound for which the mutant is deficient, ability to grow on 
medium containing a compound other than that characterizing the deficiency of 
the mutant, the accumulation of certain compounds, reaction to suppressor 
mutations, complementation relations, and difference in the site of the locus at 
which mutation has occurred. Even mutations at the same site, it has been found, 
may give rise to several phenotypically different alleles; and so the site may exist 
in several forms. 

As a rule, the sites of alleles responsible for related phenotypes are dispersed 
along a gene locus. The only striking exception discovered so far concerns alleles 
that differ in complementation relations; these are arranged in complementation 
groups (Giles, 1959; Hartman et al., 1960). 


Limits of the locus 

In Salmonella, certain genes affecting related functions are grouped together, 
and are arranged in the same order as the series of biosynthetic reactions they 
control (see Demerec and Hartman, 1959). This kind of arrangement allows us to 
determine, with a reasonable degree of certainty, when two loci are adjacent to 
each other, and to analyze the areas near their boundary line. Good material for 
such analysis has been provided by the adjacent hisB and hisC loci, two of a 
series of eight loci studied by Hartman (1957; Hartman, Hartman, and Serman, 
1960). His findings—namely, that all of 34 alleles identified with 31 sites of the 
hisB locus control the enzyme imidazoleglycerol phosphate ester dehydrase, and 
that 35 alleles identified with 33 sites of the hisC locus control imidazoleacetol 
phosphate ester transaminase—indicate a sharp dividing line between the B and 
C loci (Demerec and Hartman, 1959). 


COMPOSITION OF THE GENE STRING 


The reasoning pursued earlier led to the deduction that in phage T2 only the 
smaller fraction of DNA is genic whereas the larger portion carries no genetic 
code. Evidence indicating the presence of noncoded DNA has also been obtained 
in studies of long deletions in the Salmonella chromosome. Two delections dis- 
covered in the transducing fragment that includes the proA, B, and C loci were 
found to involve, in addition to proA and proB, a region extending almost to 
one end of the fragment, which, judging by the frequency of recombinations, 


of 
‘le 
er 
is 
1e 
of 
1e 
lf 
le 
n 
a 
yf 
l 
i 
i 
5 
i 
| 


126 DEMEREC 


must be of considerable length. The fact that the phenotypes resulting from these 
two deletions do not differ from single-site pro mutants suggests that the deleted 
portion beyond proA and B either carries genes that produce no detectable effects 
or, more probably, is genetically inert (Miyake and Demerec, 1960). 

In terms of the Watson-Crick model of DNA, the inert areas would be non- 
coded parts of the molecule, called by Crick ‘‘nonsense regions.”? They may cor- 
respond to the heterochromatic regions detected in chromosomes of many higher 
organisms. Studies of the salivary-gland chromosomes of Drosophila have sug- 
gested that the heterochromatin is distributed throughout the chromosomes 
(Hannah, 1951). 

CONCLUSIONS 

I shall summarize this presentation by quoting, with slight modification, the 
concluding section of a paper, ‘“The Fine Structure of the Gene,” given in the 
lecture series Molecular Control of Cellular Activity at the University of Michigan 
(1960, in press): 

A gene locus comprises a finite section of a chromosome (or gene-string) and 
contains the information necessary to control a particular chemical reaction or 
class of reactions. Within the gene locus in microorganisms, smaller units (sites) 
can be identified by means of recombination experiments. A site represents the 
smallest portion of genetic material that is not divisible by recombination. A 
change (mutation) occurring at any one of its many sites affects the expression of 
a whole gene locus. 

Mutants resulting from mutations at different sites of the same gene locus, or 
even at the same site, may differ from one another in several respects (stability, 
reaction to mutagens, temperature sensitivity, nutritional requirements, com- 
plementary relations). As a rule, however, such mutants have one feature in 
common: they are changed with regard to a specific function, controlled by that 
particular gene locus. In some or perhaps most cases, control of the function is 
effected through an enzyme, whose structure, and consequently in a large measure 
character and specificity, are determined by the gene. 

The findings about the structure of loci are in accordance with the view that 
DNA is the carrier of genetic information in phages and bacteria, and with the 
model of DNA structure proposed by Watson and Crick (1953). Observations 
concerning the nature of sites can be accounted for by assuming that a site is 
represented in the DNA molecule by either one or a few nucleotide pairs. Re- 
cently it has been estimated that phage T2 has one or two DNA molecules (Her- 
shey, personal communication) and about 20-30 genes. Thus a considerable 
number of gene loci are contained in one molecule. 

It should be stressed that the ideas discussed here have developed as logical 
steps in a chain of discoveries begun almost half a century ago. The basic principle 
guiding current studies of the genetic structure of genomes was formulated by 
Morgan and his co-workers, in their statistical analyses of patterns of segregation 
of genetic markers. Nor is the idea of complex structure of the gene a new concept. 
It was proposed in the late 1920’s by a group of Russian geneticists (Dubinin, 
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1932; Serebrovsky, 1930) to explain their results in studies of the scute-achaete 
locus in Drosophila melanogaster (see Demeree and Hartman, 1959). They vis- 
ualized that locus as containing separate, regularly spaced, and lineally arranged 
functional units. In fact, their picture of a gene locus (Dubinin, 1932) is almost 
identical with that currently being worked out by Giles and his co-workers in 
complementation studies with Neurospora (Giles, 1959). 
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Methodology in Human Genetics 


CEDRIC A. B. SMITH 


Galion Laboratory, University College London 


Most PEOPLE are vaguely aware that human qualities are inherited. The sort of 
questions they would naturally ask a geneticist would be: What qualities have I 
inherited, and which am I likely to pass on to my children? How much are char- 
acter and physique determined by heredity, and how much by environment? 
These questions are valid and important, even if not scientifically precisely 
worded; but their solution in general terms goes far beyond present knowledge 
and technique. The most hopeful lines of attack at present are those in which 
fairly definite characters are studied, especially those which are almost always 
clearly either present 6 aosent in each individual with few doubtful cases. 


STATISTICAL METHODS 


Most statistical methods in human genetics deal with the proportions of dif- 
ferent types occurring in various situations, e.g., Mendelian ratios, mutation 
frequencies, etc. Many tests involving proportions are covered by the standard 
x? techniques. A certain number of more complicated tests will be mentioned 
later. A large number ci suitable procedures are described in detail, with numer- 
ical examples, in Huron and Ruffié (1959). See also Li (1955). But such statistical 
methods can only be dependable when applied to accurate and unbiassed data, 
and that can only be obtained with great care and effort. Sometimes sophisticated 
statistical methods can be applied to such data with great effect—see, e.g., 
Chung, Robison, and Morton (1959); but in general the quality of the data is 
more important than the elaboration of the statistics. 


PATTERNS OF INHERITANCE 


The most usual types of Mendelian inheritance are as follows: 

(1) A rare nonrecessive (or so-called “dominant’’) is transmitted from parent 
to child without skipping of generations. Affected parents have on the average 
half their children affected. It occurs equally often in males and females and there 
is no correlation between the sexes of the affected parent and the affected child. 
All these points can be tested statistically. The affected individuals are heterozy- 
gotes (Gg) and the normals homozygotes (gq). 

(2) If the nonrecessive gene, G, is not too rare, there will be three genotypes 
in the population, GG, Gg, and gg, as with the MN blood groups. Each type of 
mating should then give its own Mendelian segregation; e.g., Gg X Gg gives 
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(14@GG + 1oGg + 1499) children in the long run. We can also estimate the fre- 
quencies of the genes G and g by counting them: e.g., if a sample of 100 individuals 
contains 26 GG, 54 Gg, and 20 gg, this amounts to 2 X 26 + 54 = 106 G genes 
and 54 + 2 X 20 = 94 g genes out of 200 altogether. The frequency, p, of the 
G gene is accordingly estimated as 106/200 = .53, or 53 per cent. That of the g 
gene is q = 94/200 = 47 = 1 — p. If mating is at random and all genotypes 
have equal viability and fertility, the Hardy-Weinberg law shows that the pro- 
portions of the three types, GG, Gg, gg, in the population should be p*:2pq:q? 
respectively. Here p? = .281, so out of a sample of 100 individuals we expect 
28.1 GG; similarly we expect 49.8 Gg and 22.1 gg, giving x? = .71. This x? has ! 
degree of freedom, and such a value indicates good agreement of expected and 
observed numbers. (Usually a x? for 3 classes has 3 — 1 = 2 d.f., but here we 
lose a further degree of freedom because we have used a value of p obtained from 
the data in calculating expected number.) 

If GG and Gg are indistinguishable, or not reliably distinguishable, the gene G 
is a true dominant. The frequency of the dominant phenotype is then (1 — q?), 
and that of the recessive is q?. The methods of analysis given above no longer 
apply; but if out of a sample of n individuals we find r recessive, we can estimate 
qas ~/(r/n) with standard error »/(n — r)/2n. Quite a variety of methods have 
been developed for testing segregation ratios in this case; for some of the simpler 
ones see Hogben (1945), Smith (1956), Finney (1949), Lejeune (1958). 

In the case of more complicated patterns of recessivity, e.g., the ABO blood 
groups, the estimation of gene frequencies is often troublesome. A general method 
equivalent to maximum likelihood has been developed by Ceppellini et al. (1955) 
and Smith (1957); and there are numerous special methods for particular systems. 

(3) A rare autosomal recessive shows its effect only in sibships; that is, an 
affected case may have an affected brother or sister, but his (or her) children, 
parents, and other relatives will be normal. However, the mother and father of 
an affected individual have an increased probability of being cousins or other 
near relatives; this can be tested statistically. With such genes the affected per- 
sons are homozygotes (gg), their parents and children are heterozygotes (Gg) and 
other normal relatives are Gg or GG. The frequency, q, of the gene g can most 
simply be estimated as the square root of the frequency of cases with unrelated 
parents in the general population. 

Ife = 2: of marriages between first cousins 
total no. of marriages 
in the general population, then the ratio of (cousin marriages) to (unrelated) 
among the parents of affected cases should be about ¢:16q. 

With some recessive conditions it is possible to show by biochemical or similar 
tests that the heterozygote Gg shows the condition to a limited extent. In this 
case it may be possible to construct pedigrees in which all three types GG, Gg, 
gg are distinguished, permitting more accurate genetic analysis and linkage 
studies (see below). 

(4) A rare sex-linked dominant follows much the same pattern as a rare auto- 
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somal nonrecessive, but affected females are twice as frequent as affected males. 
Affected fathers transmit the condition to all their daughters and none of their 
sons. Affected mothers transmit to half their children. 

(5) A rare sex-linked recessive shows only in males, and is transmitted only 
via females, not from father to son. The gene frequency of a sex-linked condition 
(dominant or recessive) can be estimated as the proportion of affected among all 
males in the population. 

In practice, these regular patterns of inheritance are often complicated by 
rarious factors. Abnormalities may only develop relatively late in life, may show 
only to a reduced degree or even not at all in a carrier of the relevant genes. Some 
genes are sex-limited, .e.g. premature baldness is due to an autosomal dominant 
which only expresses itself in males. Characters may depend on the combined 
action of a number of different genes; this is plausibly believed to be the case 
for continuously variable characters, such as height and intelligence, but analysis 
of these characters is very difficult at present. A number of characters are now 
known to be due to chromosomal abnormalities (Lejeune and Turpin, 1961); 
this field of research is still rapidly expanding. 

A phenomenon often observed in large pedigrees is that of ‘“‘anticipation’’, in 
which a disease or abnormality appears to become more severe and to start 
earlier in each successive generation. This is due to statistical bias (Steinberg 
and Wilder, 1952); cases in which a parent develops a disease late and the child 
early have a greater chance of being observed at any one time than those in which 
the parent was early affected (and may now be dead) and the child late (and 
may not have developed the disease). 


LINKAGE 


The detection and estimation of linkage is often a simple matter in experi- 
mental genetics, where suitable matings can be arranged at will. In human 
genetics, data are obtained with considerable effort and must be analysed as they 
stand. This leads to quite formidable statistical problems, and no really good 
and efficient short cut is available. See Morton (1955), Smith (1959). However, 
when the genes concerned are nonrecessive, a direct examination of the pedigree 
will often show if there is close linkage, though more sophisticated methods must 
be used to estimate the recombination fraction accurately. Thus, if we find in a 
large pedigree showing nail-patella syndrome and ABO blood groups that almost 
all the affected (nail-patella) cases have blood groups B or AB, and almost all 
unaffected have groups A or O, this suggests that in this family the nail-patella 
and B genes are near neighbors on the same chromosome. Note that linkage does 
not imply association in the population as a whole. In some families the nail- 
patella gene will be near a B blood group gene, in others near an A, and in others 
near an O, changing neighbors from time to time as the result of crossing-over. 
Note also that linkage only affects segregation when at least one parent is doubly 
heterozygous. If, for example, a mother has nail-patella syndrome and O blood 
group, (penetically OO), her children will show no linkage effect in their segrega- 
tion. 
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MUTATION 


When a nonrecessive condition is very disadvantageous, it will often be found 
that an affected case has normal parents. Apart from illegitimacy, such cases 
will be due to new mutation; and by counting them, an estimate of the mutation 
rate can be obtained. An alternative estimate can be found by assuming that 
mutations enter the population as rapidly as they are eliminated by natural 
selection, so that the population is in genetic equilibrium. Suppose that out of a 
population of N individuals in all we estimate that there are A affected; and 
each affected produces on the average C, children, whereas a normal produces 
on the average Cy children. Then the average loss in offspring for each af- 
fected person is (Cy — Ca), or altogether A(Cy — C,) for all the A affected in- 
dividuals. Half of those lost will be heterozygotes, carrying a mutant gene; 
hence, in the next generation there will be 4,A(Cy — C,) mutant genes fewer 
than there would be if the affected individuals had the same fertility as the nor- 
mals and hence, to maintain equilibrium, there must be an equal number of 
mutants introduced. Now the proportion A/N of affected is supposed small; 
hence to find the total number of genes in the next generation we need only con- 
sider the normals (to a sufficient approximation). Of the N normal individuals, 
16N will be females; these will have Cy children each, on the average, and 
ach will have 2 genes. Hence the total number of genes in the new generation 
is 165N X Cy X 2 = NCy, and the mutation rate per gene per generation 


= ZA(Cy— Ca)/NCy. 


A similar formula holds for sex-linked recessives, except that as only one third 
of the genes are in males, and therefore produce the abnormality, the formula 
becomes A(Cy — C,)/3NCy . In general, no reliable estimate of mutation rate 
is possible with autosomal recessives, for two reasons. Ary decrease in inbreeding 
will decrease the frequency of occurrence of a recessive character; and it will take 
a long time to return to equilibrium frequency. As most populations have re- 
cently become much more outbred, this means that estimates based on the as- 
sumption of equilibrium will be seriously biassed. Furthermore, there is a large 
number of heterozygotes for each recessive gene in the population, and if these 
have only a small advantage or disadvantage, the estimate of genes eliminated 


from the population is also greatly altered. 
MIMIC GENES, SPORADIC CASES, AND PHENOCOPIES 


One important problem is to know whether apparently similar conditions oc- 
curring in different individuals are due to the ‘‘same” gene or to “different” 
genes. The estimates of gene frequencies and mutation rates for nonrecessive and 
sex-linked characters, described above, are most naturally interpreted as apply- 
ing to the whole group of genes producing apparently the same character. For 
recessives, if there is more than one gene responsible the estimates cease to be 
valid. 

Clearly the distinction between ‘‘same’’ and “different”? genes is here a matter 
of definition. However, it is natural to say that closely related persons with 
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similar symptoms will be carrying the same abnormal gene or genes. If the con- 
dition shows different patterns of inheritance in different families, it is natural 
to suppose that the genes are different, and careful examination will often show 
that the symptoms are detectably different. Chung and Morton (1959) have 
used the statistical technique of “discriminant functions’’ to demonstrate this. 
Sometimes different pedigrees show different degrees of linkage between an 
abnormal gene and a blood group (Morton, 1956). This suggests either a differ- 
ent gene or a chromosomal rearrangement. 

It is often plausible that “sporadic cases’”’ of a condition may occur; that is, 
vases which look like mutants but which are not due to genes present in the 
parents’ genotypes. For recessive conditions an estimate of the proportions of 
such sporadic cases can be found in two ways (Chung, Robison, and Morton, 
1959). 

Firstly, let us call affected cases with no affected relatives ‘isolated cases’’. 
Let C denote the proportion of individuals in the general population whose 
parents are first cousins, and let C’ be the same for isolated cases, C” the same 
for nonisolated cases. Then (he number of phenocopies is estimated by 


No. of phenocopies = No. of isolated cases K (C” — C’)/(C” — C). 


This estimate can be improved by taking more distant relationships than first 
cousins into account, using Wright’s inbreeding coefficient F. 

An alternative method uses segregation ratios. Unfortunately, it is not easy 
to evaluate these accurately for rare recessives, as the data are often subject to 
biassed selection—families with many affected children have a greater probability 
of being counted than those with a few. However, if we have ‘complete ascer- 
tainment”’, i.e., study of all affected cases in a given region, an estimate can be 
found as follows. Let n, = the total number of families with ¢ children, at least 
one affected; i, = the number of isolated cases in families of size c, and j, = 
the number of nonisolated cases. Further let k, = the number of families of ¢ 
children containing nonisolated cases, i.e., with at least two affected per family. 
Then we may summarize the data as in table 1. Families with only one child 
have been omitted, as they contribute no information. 


TABLE 1. SEGREGATION DATA FOR AN APPARENT RECESSIVE CONDITION 


(see text for explanation of symbols) 


ic je Ke Ne 

2 6 2 1 7 
3 2 8 4 6 
4 1 5 2 3 
5 + 5 2 6 
6 0 17 7 7 
7 1 5 2 3 
8 0 6 2 2 
9 0: 2 1 1 
10 0 § 3 3 
11 0 2 1 1 
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We now make use of the following table (table 2). 


TABLE 2. SEGREGATION DATA FOR AN APPARENT RECESSIVE CONDITION IN FAMILIES WITH 
AT LEAST TWO AFFECTED 


(see text for explanation of symbols) 


C Me Ve he (me — 1)? he(me — 1) h,. 
2 2.000 .000 8.000 1.000 8.000 64.00 
3 2.100 .090 4.800 1.210 5.280 23.04 
4 2.209 .195 3.821 1.462 4.619 14.60 
5 2.327 .316 3.404 1.761 4.518 11.59 
6 2.455 .452 3.218 2.116 4.682 10.36 
7 2.592 .604 3.153 2.534 5.018 9.94 
8 2.738 .770 3.160 3.021 5.493 9.99 
9 2.894 .951 3.216 3.587 6.090 10.34 
10 3.059 1.144 3.307 4.238 6.808 10.94 
11 3.232 1.348 3.425 4.983 7.646 11.73 
12 3.414 1.561 3.565 5.827 8.605 12.71 


Hogben (1945) has a method of testing segregation ratios in families contain- 
ing recessives by comparing the observed and expected numbers of affected 
children in families with at least one affected child. This assumes, however, that 
all observed cases are genetic in origin. Here, since some cases are sporadic, the 
test must be restricted to sibships containing at least 2 affected, which according 
to our hypothesis are then certainly of genetic origin. The values in table 2 give 
the appropriate modifications of Hogben’s test; m, is the expected number of 
recessives in a family of ¢ children, given that there are at least two, and vy, is 
the variance of this number. We have observed k, families of ¢ children with at 
least 2 affected, and therefore expect k.m, affected in these families, or =k.m, = 
62.56 in the whole data; this compares with an observed number of 2j, = 59. 
The variance is =k.v. = 13.02, and standard deviation +/ 13.02 = 3.6. Since the 
difference between observed and expected is 3.56, or almost the same as the 
standard deviation, this indicates good agreement. 

We may also use the number of families with 2 or more affected to estimate 
the total number of cases of genetic origin in the whole data. (Families of one 
child are still uninformative, and are therefore still excluded.) 

This estimation is done as follows. Let us suppose that there are in fact N. 
families of ¢ children with both parents heterozygotes in the population under 
study. The number of families with at least two affected children which we ex- 
pect to find is 


Nell — — 
according to the binomial distribution. If we set this equal to the observed 
number, k, , we have an estimate of N, 
N. = k./[1 — (Be — e()* "I. 


The expected number of recessive cases in a family of ¢ children from a mating 
between heterozygotes is }c, that is }¢eN, in all the N, families. This will ac- 
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cordingly be estimated as 
— = Kehe (say), 


where h, is tabulated in table 2. The total number of recessives in our data can 
accordingly be estimated to be 


R = skh, = 93.36. 


The total number of affected cases has already been found to be Yi, + Sj. = 
14 + 59 = 73. Hence the proportion of (recessive cases/all affected) turns out 
to be R/Zj. = 93.36/73 = 1.28. The interpretation of this is presumably that 
practically all the cases are hereditary, and the excess of R/Zj, over 1 (= 100 
per cent) is merely due to sampling error. A slightly better estimate can be found 
as follows. We have already found that there are 2k.m,. = 62.56 expected cases 
in families with two or more affected while there are Di, = 14 cases observed in 
families with only one affected. Hence we can take E = 2k.m, + Lie = 62.56 + 
14 = 76.56 as an estimate of the total number of affected; this will be less liable 
to sampling fluctuation than the straightforward observed total. We now find 
R/E = 1.22(= 122 per cent) as an estimate of the proportion of cases which 
are genetic recessives, the remainder being sporadic. Again this exceeds 100 per 
cent, but not by so much. A rough estimate of the variance of R/E can be found 
as follows. Calculate 


var E = — 1)? ike/n, = 7.204 


var R = = 117: 
cov(E, R) = — 1)i-k./ne = 26.12 
var(R/E) = [(R/E)? var E — 2(R/E) cov (E, R) + var R]/E? = .011 


whence s.e. (R/E) = .105 approx. 

A similar problem can be studied in the case of a nonrecessive character, when 
an affected individual without any affected relatives may be a sporadic ‘‘pheno- 
copy”’ (including possible cases of recessive inheritance as well as environmentally 
‘aused copies). Such isolated cases may also be due to illegitimacy, failure of 
manifestation in the parents, or mutations which by chance are not passed on 
to any descendants. If we suppose that illegitimacy can be excluded, and that 
failure of manifestation seems unlikely from other family studies and from the 
clear-cut nature of the condition, then we can make an estimate of the propor- 
tion of mutants among cases with unaffected parents (which cases I will call 
“apparent mutations’). Suppose that in our data we find A. such apparent 
mutations with e children each, and of these. B. have at least one affected child, 
and therefore under our hypotheses are true mutations. Let M, denote the (un- 
known) number of true mutations with ¢ children, so that (Aj — M.) is the 
number of phenocopies. Then 2M,./ZA, if we knew its value, would be an esti- 
mate of the proportion of true mutants among all apparent mutations. Now, if a 
mutant has ¢ children, the probability that at least one child should be affected 


METHODOLOGY | 135 


TABLE 3. VALUES oF f, = 1/[{1 — ('9)*] AND oF 
(see text for further explanation) 

c fe i 
1 2.00 4.00 
2 1.33 2.78 
3 1.14 1.30 
4 1.07 1.14 
5 1.03 1.06 
6 1.02 1.04 
7 1.01 1.02 

>7 1.00 1.00 


TABLE 4. EXAMPLE ILLUSTRATING CALCULATION OF PROPORTION OF MUTANTS 


(see text for further explanation) 


No. of No. of “apparent No. with No. without Expected no. of 
children mutations” affected child affected child mutants 
c Ac B. Ac — Bo Befe (Ac — Be) Bef?/Ac 
1 12 6 6 12.00 12.00 
2 9 4 5 5.32 3.95 
3 6 2 4 2.28 1.73 
4 3 2 1 2.14 .76 
5 4 4 0 4.12 0 
6 2 2 0 2.04 0 
7 1 1 0 1.01 0 
Total 37 21 16 28.91 18.44 
is 1 — (15)¢; and hence the expected number of apparent mutations with c 


children, including at least one affected child, is M.[1 — (19)°]. If we equate this 
to the observed number B, of such cases, we get an estimate for M, : 

M. = B./[{1 — (3)*] = Befe 
where f, is tabulated in table 3. Using this, we get the estimate for the proportion 
of true mutants among apparent mutations 


DB.f./DAc 


To a first approximation, the standard error of Pmu: is given by 


(It would be possible to give a more exact expression, but this would not usually 
seem justified.) Thus the calculations for a particlar set of data (values of A; 
and B,) are shown in table 4. 
Here = DBfe/ZAc = 28.9/37 = .78 

S.E.(Pmut = (018.44) /37 = .12 


i.e., about 78 + 12 percent of cases without affected parents are mutants, and 
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the remaining 22 + 12 percent are sporadic. For more sophisticated ways of 
dealing with this problem see Morton (1959), Chung, Robison & Morton (1959). 


HETEROSIS 


It seems probable that many common polymorphisms are maintained in being 
by heterozygote advantage. It seems therefore worth while studying the segrega- 
tion ratios in large numbers of families to determine whether the number of het- 
erozygotes appreciably exceeds expectation. Plausible examples of this are the 
sickle cell system in Africa (Allison, 1956) and the MN blood groups (Morton & 
Chung, 1959). 
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Population Genetics! 


JAMES F. CROW 


Department of Medical Genetics, University of Wisconsin 


My ASSIGNMENT in this symposium is to give a non-technical summary of some 
of the methods, accomplishments, and problems of population genetics, espe- 
cially as these relate to man. The field is large and of necessity the sample to 
be presented is small; it is also highly selected. Various topics are touched briefly, 
and in many instances superficially. However, I shall try to include references 
to more detailed and rigorous treatments, more often recent reviews rather than 
the original articles. 

There is abundant evidence in this Symposium of great progress in under- 
standing the basic mechanisms for storage and transmission of genetic informa- 
tion. There has for some years been a chemical unity in biology, in that the 
same chemica) processes occur in widely diverse animal and plant species. The 
implication of nucleic acids as the universal genetic materials gives a new and 
deeper kind of unity, for it joins chemistry with the other great unifying prin- 
ciple of biology, that of a common history and evolutionary mechanism. The 
ability to evolve by natural selection necessitates not only a means of self per- 
petuation but also a way of propagating errors (Muller, 1926), and for this the 
Watson-Crick structure provides a most satisfying model. 

Population genetics assumes the existence of mechanisms for heredity and 
variation and inquires into the way in which the genetic makeup of the popula- 
tion is altered or is held in equilibrium by the multiple influences of selection, 
migration, and breeding structure. 

In many ways man is admirably suited for studies of population genetics. 
For one thing, there is a world population of some 3 billion individuals and, al- 
though Dr. Demerec has reminded us that several times this number of bacteria 
can grow in a single test tube, it is still a respectably large number. The amount 
f detailed phenotypic data available for each individual is unexampled, and 
there are detailed records of relationships and migration. It has also been pointed 
out that the problems of housing, feeding, and record keeping, so expensive of 
time and money in experimental mammals, are frequently already taken care 
of in man. 


THE PLACE OF MATHEMATICAL THEORY IN POPULATION GENETICS 


As in most sciences, knowledge of population genetics has been advanced by 
observation and experiment and also by theoretical deductions from known or 


Presented as part of a Symposium on Genetics held at Western Reserve University, 
October 10-12, 1960. The symposium was supported by National Science Foundation Grant 
G 9370. 

1 Paper Number 819 from the Division of Genetics. 
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assumed principles. These principles are the mechanisms of heredity, usually 
known with great precision, and various reasonable assumptions about the 
action of selection and the structure of the population. Population genetics has 
a mathematical theory which, by biological standards though not by those of 
the physical sciences, is highly developed. It is due in large measure to just 
three men—R. A. Fisher, J. B. S. Haldane, and Sewall Wright. Elementary 
summaries have been given by Haldane (1932, 1955) and Li (1955). 

The theory tells what course a population will follow in a given set of cireum- 
stances, or gives the probability of various alternative courses. It usually can- 
not tell which of several possible courses has actually been followed. This some- 
times leads to an embarrassment of riches, when any of several hypotheses is 
sufficient to account for the frequently scanty data. The general theory is being 
extended, generalized, and strengthened by application of more sophisticated 
mathematical techniques (e.g. Malecot, 1948; Kimura, 1957) and by high speed 
computers. 

In simpler cases a mathematical treatment only specifies in quantitative de- 
tail a result that is already clear from purely qualitative examination. For ex- 
ample, if gene A confers an average selective advantage of ten percent in com- 
parison with gene a in all the genotypes that occur in the population, it is clear 
that gene 4 will eventually replace a, except for recurrent mutation. The quanti- 
tative treatment merely specifies the rate and equilibrium value. Likewise, it is 
intuitively clear that a two-allele system where the heterozygote is favored 
over either homozygote will lead to a stable equilibrium with both alleles re- 
tained in the population. But where more than two alleles or multiple loci are 
involved the intuition (of most people at least) fails and mathematical treat- 
ment is necessary. For example, with multiple alleles it is not necessary for sta- 
bility of the equilibrium that all heterozygotes be fitter than any homozygote. 
A second example—there are some systems that are stable with 7 alleles but 
which become unstable when the number is reduced to n — 1 (Kimura, 1956a). 
In some cases the theory is not well enough developed and particular cases must 
be solved with high speed computers. 

The most difficult mathematical problems arise in the consideration of the 
effects of chance in evolutionary processes. The early work in this area was done 
almost entirely by Fisher and Wright. For recent summaries, see Fisher (1930, 
1958) and Wright (1959). More recently Malecot (1948) and Kimura (1957, 
1960) have applied modern theories of stochastic processes and have thereby 
been able to generalize the earlier results. 

The principal theories in population genetics have been deductive, largely 
the logical consequences of the mechanism of heredity and variation. As sucu 
they are not usually tested by their predictive value, as theories are usually 
tested in the more exact sciences. However, there has been increasing emphasis 
on using population genetic theory to distinguish between alternative hypothe- 
ses. The methods of gene frequency analysis have long been standard as ways 
of distinguishing between alternative simple modes of inheritance. Recently, 
these have been combined with information from segregation analysis to give 
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more powerful techniques (Morton, 1959). The testing of agreement between 
observation and prediction is becoming a greater part of population genetics 


research. 
HOW MUCH OPPORTUNITY FOR SELECTION DOES A POPULATION AFFORD? 


Central to any consideration of population genetics is the influence of selec- 
tion. How rapidly are gene frequencies changing as a result of selection? How 
are gene frequency equilibria maintained? What are the detailed ways in which 
selection operates? How much of the effectiveness of selection is by differential 
survival and how much by differences in fertility? 

In order for there to be selection, there must be differential mortality or fer- 
tility. Some insects produce hundreds of young and some parasites many times 
more, almost all of which die before adulthood; yet this does not guarantee that 
there is selection. Survival may be largely or completely random, in which case 
there is little or no genetically effective selection. 

It is frequently asserted that the dramatic reduction in pre-adult deaths in 
the human population has effectively eliminated natural selection as an evolu- 
tionary influence. That this is true for certain diseases is undeniable; yet it is 
not clear how the changing pattern of death rates has changed the overall effec- 
tiveness of selection. . 

A first approach to the question is to ask how much differential contribution 
to the next generation is made by the various individuals irrespective of whether 
the differences are genetic. It is necessary to define some metric by which this 
can be measured. A natural approach is this: For a given pattern of births and 
deaths we ask how rapidly the gene makeup of the population would be changed 
if all the differences in survival and fertility were genetic. In particular, if the 
fitness of an offspring were exactly the average of that of his parents, we ask 
how much the average fitness would change in one generation. Fitness is used 
here as the number of progeny per parent, both generations being counted at 
the same age. If w is the mean number of progeny per parent and V is the vari- 
ance in this number, the proportional change in fitness is V/w’, or in other words 
the square of the coefficient of variation in progeny number. 

This ratio measures the amount of selection that could possibly occur in the 
population with the existing pattern of births and deaths. I have called it an 
Index of total selection, but it might perhaps more properly be called an Index 
of opportunity for selection. The actual genetically effective selection is less, and 
may be much less. For a derivation of the Index and a way of separating the 
component due to pre-adult mortality from that due to fertility differences see 
Crow (1958) .? 

The data in table 1 show the index for three organisms of greatly differing 
fertility. The data on egg production in Drosophila are probably from geneti- 


2 This index does not take into account variable age of reproduction and overlapping 
generations. A more refined metric is Fisher’s (1930, 1958) Malthusian parameter which 
takes these into account. In this measure, the Index of opportunity for selection is simply 
the variance in fitness, measured in Malthusian parameters. 
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TABLE 1. THE AMOUNT OF OPPORTUNITY FOR SELECTION IN ORGANISMS WITH 
WIDELY DIFFERENT FERTILITY 


Mean progeny 


Organism per pone V/w? Reference 
Drosophila female, life time 
egg production 
wild type 714 18 Alpatov 
vestigial wing 432 24 Alpatov 
Lymnaea 
total progeny 391 34 Bailey 
Drosophila female 
adult progeny 13.9 ul Crow and Morton 
Human female 
Rural Quebec 9.9 .20 Keyfitz 
Hutterite 9.0 Ri Eaton and Meyer 
New South Wales 6.2 .42 Powys 
U.S., age 45-49 in 1910 3.9 .78 U.S. Census 
U.S., age 45-49 in 1950 2.3 1.14 U.S. Census 


Sources of Data: Alpatov, W. W., 1932. J. Exp. Zool. 63: 85-111; Bailey, J. L., 1931. 
Biol. Gener. 7: 407-428; Crow, J. F. and Morton, N. E., 1955. Evolution 9: 202-214; Keyfitz, 
N., 1953. Am. J. Sociol. 58: 470-479; Eaton, J. W. and Meyer, A. J., 1954. Man’s Capacity 
to Reproduce. Free Press, Glencoe, Ill.; Powys, A. O., 1905. Biometrica, 4: 233-285. 


cally uniform strains, so the low coefficient of variation is not surprising. Per- 
haps the most significant data for this discussion are those for adult progeny 
from Drosophila females. These data were gathered by using parents of different 
genotypes such that each offspring in a mixed culture could be identified as to 
its parentage by the gene markers it carried (Crow and Morton, 1955). There 
was quite intense competition during the developmental stages of the offspring 
since only about 14 offspring per parent survived to adulthood. Furthermore, 
the parent females were of different genotypes, not only for the genes used as 
markers, but undoubtedly for many other factors as well for these were distinct 
strains. Despite genetic differences and a high death rate during larval develop- 
ment, the Index of opportunity for selection is still only .34, considerably smaller 
than that from fertility differences alone in some human populations. (This is 
complicated by the fact that the adult fertility and pre-adult mortality involve 
different generations. Thus that part of the pre-adult mortality that is not 
correlated in members of a sibship is not included in the Index.) 

The fact that an organism with the reproductive potential of Drosophila, 
reared under conditions of fairly intense competition, still has a low Index of 
opportunity for selection shows that a high mortality does not itself guarantee 
that intense selection is occurring. In the words of R. A. Fisher (1958, p. 47), 
“There is something like a relic of creationist philosophy in arguing from the 
observation, let us say, that a cod spawns a million eggs, that therefore its off- 
spring are subject to selection.” 

Another interesting fact that emerges from table 1 is the clear trend in the 
human data. As the average fertility declines the Index rises. Whatever the 
complex of factors are that determine family size, the effect of a lowered fer- 
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tility is generally a greater coefficient of variation. In recent times, the greatly 
declining pre-adult death rate has reduced the Index for death selection, but this 
is largely compensated by the increase in the Index due to fertility differences. 
For a fuller discussion and more data, see Crow (1961). 

To repeat what was said earlier, the Index measures only the potential for 
selection. The actual genetically effective selection is less, and may be far less. 
The study of the actual genotypic selection in the human population is much 
more difficult and has barely begun. 


GENETIC POLYMORPHISM 


The term polymorphism has been used to describe the occurrence in the same 
habitat of two or more discontinuous forms of a species maintained by a balance 
of selective forces, as opposed to maintenance by recurrent mutation. Polymor- 
phisms involving colors or patterns are known in a wide variety of animals and 
plants. In human genetics the major attention has been given to serological 
and chemical factors. 

A first question is: how is the polymorphism maintained? Why should several 
types coexist in a population? Why doesn’t the type that is adaptively superior 
to the others replace them? 

The most obvious mechanism is heterozygote superiority in fitness. With two 
alleles, both are retained in a stable equilibrium if the heterozygote is selectively 
favored over either homozygote. The necessary and sufficient conditions for 
stability are more complex with multiple alleles, but these have been worked 
out (see Kimura, 1955). It is not necessary for each heterozygote to be superior 
to every homozygote, but it does seem necessary for the reasonable condition 
that each homozygote be less fit than the population average to hold true at 
equilibrium (see the article by Owen in Roberts and Harrison, 1959). There are 
also systems of stable polymorphism where more than one locus is involved. 
The development of such a system is favored by linkage (Kimura, 1956; Le- 
wontin and Kojima, 1960). As first suggested by Fisher (1930) selection may 
lead to closer linkage among the components of such a system, forming a linked 
cluster or ‘‘supergene’’, as in the grouse locust (see Fisher, 1953). I:xtreme ex- 
amples of a similar kind are the chromosome polymorphisms in Drosophila 
where inversion complexes are in stable polymorphism because of the greater 
average fitness of inversion heterozygotes (Dobzhansky, 1951 and later papers). 
*Heterozygote superiority in fitness is not the only possible mechanism. An- 
other is a system of genotypes whose selective values are frequency-dependent. 
For example, if a type is favored when rare, but not when common, there is a 
stable polymorphism. Similar to this is a situation where different genotypes 
are favored in different ecological niches. 

In most polymorphisms, whether in man or other organisms, the mechanisms 
by which they are maintained are unknown. Distinguishing among the possi- 
bilities mentioned above, or between these and other mechanisms not men- 
tioned, is a major task for future evolution research in man as well as in other 
species. 
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The hemoglobinopathies provide one system where the selective mechanism 
is understood, at least in broad outline. The sickle cell (hemoglobin 8) gene, 
which leads to a severe anemia when homozygous, is kept in the population 

tbecause it somehow in the heterozygous state enhances the resistance to fal- 
ciparum malaria. For a recent review of the evidence and also for some of the 
complications, see Neel’s article in Blumberg (1960). A similar role seems to be 
played by the thalassemia factor in the Mediterranean area. 

The importance of hemoglobin types in the epidemiology of malaria suggests 
that other polymorphisms may also be associated with mechanisms for resist- 
ance to infectious diseases. Haldane. has suggested several years ago that the 
major selective factor in human evolution in recent millennia has been com- 
municable disease. Many contemporary polymorphisms may owe their origin 
to disease resistance and may be relicts of mechanisms that are no longer rele- 
vant because the disease has disappeared or become rare. This topic was the 
subject of a recent symposium (Blumberg, 1960). 


The cost of maintaining a genetic polymorphism 


A system of balanced polymorphism based on heterozygote superiority can 
only be maintained at the expense of having in the same population inferior 
homozygotes. One way of assessing the cost of maintaining the system is to 
measure the genetic load (Morton, Crow, and Muller, 1956; Crow, 1958), defined 
in this instance as the decrease in average viability or fitness of the population 
in comparison to the best heterozygous genotype. 

As a concrete example of a two-allele system, assume that one homozygote is 
lethal as would probably be true for the hemoglobin S gene in a rigorous en- 
vironment. Assume that the other homozygote has its viability reduced by 10 
per cent, as might also be true because of greater average susceptibility to 
malaria. 


Genotype: AA Aa aa 

Relative fitness: l1—s= 9 1 1-—t=0 

Frequency: 2pq 
ptq=! 


At equilibrium the frequencies, p and gq, of the two alleles will be in the ratio 
t:s, i.e. p = 10/11 and q = 1/11. 

The amount by which the population fitness is reduced by the aa homozy- 
gotes is qt, or 1/121; the reduction due to AA homozygotes is p’s, or 10/121. 
Paradoxically, the milder allele has 10 times as large an effect on the population 
as the lethal. This is due, of course, to its much greater frequency in the popu- 
lation which more than compensates for the lesser effect in each individual. The 
eradication of malaria, which would presumably raise the viability of the AA 
genotype to that of the Aa would multiply the population viability by a factor 
of 12/11, or increase it about 9 per cent. In such a system aa environmental 
change can bring about an immediate and permanent phenotypic improvement 
and start a course of genetic improvement, as has been emphasized especially 
by Penrose. 
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If polymorphism at one locus can reduce the average viability by a factor of 
10 per cent or more, as must be true of some areas in Africa, the total number 
of such polymorphisms must be small because of the limited capacity for selec- 
tion in the human population with its relatively low fertility. (However, as em- 
phasized earlier, even a much higher fertility would not guarantee a correspond- 
ingly intense selection.) 

The expressed genetic load in a polymorphism can frequently be computed 
from only fragmentary knowledge about the system by making use of a princi- 
ple due to Morton (Morton, 1960; Crow and Morton, 1960). By this principle 
a minimum estimate of the load is obtained by multiplying the frequency of 
one allele by the decreased viability of the homozygote for that allele. This is 
true irrespective of the number of alleles or of the nature of the selection. How- 
ever, the population must be at equilibrium, and if the genotype fitnesses are 
frequency-dependent, the load is measured in terms of the fitnesses at equilib- 
rium frequencies.* 

Using this principle Morton (1960) has estimated what the load would be if 
recessive deafness, muscular dystrophy, and low grade mental defect were in 
balanced polymorphism. The value for just these three conditions is estimated 
as 0.22 ‘“‘genetic deaths” per zygote. Since there are thousands of gene loci of 
which these must be a very small minority, this argues that only a small frac- 
tion of loci are thus maintained. Presumably, at most loci mutant genes have 
their frequency maintained by recurrent mutation. 


Maternal-foetal incompatibility 


The human blood group polymorphisms frequently involve intra-uterine 
immune reactions between the mother and child. There is evidence for a sub- 
stantial fraction of embryonic deaths due to ABO blood factors, in addition to 
the well-known effects of the Rh locus. For example, there is a smaller fraction 
of A children from O mothers and A fathers than from the reciprocal combina- 
tion. 


3 In earlier publications random mating was assumed in deriving this principle. The in- 
equality still holds if there is equilibrium with inbreeding. Let 1 — s;; be the fitness of geno- 
type A;A; relative to the best genotype and let p; be the frequency of allele A; . The incre- 
ment of gene frequency change in one generation is Ap; = pi(wi — ©) /i#, where @ is the mean 
fitness of the population and w; is the average fitness of all genotypes containing allele A; , 
weighted by their frequency and by the number of A; alleles carried (Wright 1949 and earlier). 
Then s; = 1 — w; and 3 = 1 — @ is the expressed genetic load. At equilibrium Ap; = 0; 


hence with inbreeding coefficient F the load is 
= = + — F))/pi 
> siF + sipi(l — F) 
= sipi + Fsii(l — pi) > siipi 


Thus if there is one allele (or set of non-complementary alleles) producing a gross effect in 
double dose, and any number of alleles which are manifested differently, we can determine 
the minimum value of the expressed genetic load for all alleles at the locus from the product 
of the one allele and the amount by which it reduces fitness when homozygous. 
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From such data and from the frequency of the genes in a population an In- 
compatibility Load can be computed. For a discussion of how this is done and 
the consequences of maternal and foetal inbreeding, see Crow and Morton 
(1960). The data indicate that the risk of pre-natal death due to ABO incom- 
patibility in a population with gene frequencies such as are found in the United 
States and Western Europe is about 0.024. 

Every death due to maternal-foetal incompatibility is necessarily a heterozy- 
gote because of the dominant inheritance of antigens and the ability of the 
mother to produce antibodies only against those antigens that she does not 
possess. A system of recurrent selection against a heterozygous genotype does 
not lead to an equilibrium with both alleles present, but rather to fixation of 
one or the other. So there must be some other mechanism that maintains the 
polymorphism. There is evidence that in serologically compatible marriages 
there is a deficiency of group O children. This suggests that there is enough 
heterosis to maintain the polymorphism despite the incompatibility mecha- 
nism. 

Crow and Morton (1960) have estimated the total embryonic death rate from 
both incompatibility and homozygous inviability as 0.063. This is a surprisingly 
large amount for one locus. If true, this one locus is responsible for perhaps a 
fifth of all embryonic deaths. Clearly there cannot be many polymorphisms 
with such a large load. 

This analysis suggests that most of the selective factors acting on the blood 
group factors are embryonic. It is known that there are strong associations be- 
tween blood groups and such adult diseases as duodenal ulcer. But it would 
appear that these do not exert a major selective influence, largely because they 
are primarily diseases of the post-reproductive period. See also an article by 
Reed in the Blumberg (1960) symposium for further evidence. 


Meiotic drive and gametic selection 


Meiotic drive (Sandler and Novitski, 1957) and gametic selection are often 
quite equivalent in their kinetics and in their population consequences, and 
may be responsible for maintaining harmful alleles in a polymorphic condition. 
In several plants the mechanism is differential pollen tube growth or fertiliza- 
tion. In Drosophila there are at least two mechanisms. One, affecting the sex 
ratio in a number of species, depends on an extra replication of the X chromo- 
some during spermatogenesis so that an excess of X-bearing sperms is produced 
(Sturtevant and Dobzhansky, 1936). The other type was discovered by Y. 
Hiraizumi. This autosomal region, termed SD (for segregation-distorter), has 
the property of breaking the homologous chromosome and somehow rendering 
the gametes receiving this chromosome non-functional. The result is a grossly 
disproportionate fraction of functioning sperms that contain the SD region. 
Because the homozygous SD region is harmful, and in some cases lethal, there 
is a balance between the selective elimination of SD homozygotes and the 
meiotic drive mechanism, leading to a stable polymorphism (Hiraizumi, Sandler, 
and Crow, 1960). A similar situation is found in mice where males heterozygous 
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for the tail-affecting T alleles transmit them to more than half the offspring. 
These too are maintained in the population despite the large harm that they 
must do, for many are lethal in the homozygote (Lewontin and Dunn, 1960). 
Ordinary natural selection is unable to eliminate such factors, so they may 
persist for long periods of time. 

Gametic selection and meiotic drive have not been demonstrated in man, 
though they have been suggested occasionally as explanations of unusual ge- 
netic ratios. There is strong evidence against sperm selection in Drosophila, 
and no convincing cases have been demonstrated in man. On the other hand there 
are enough examples of meiotic drive in other organisms to make this a reasonable 
possibility in man, and it may well be that some of the poorly understood poly- 
morphisms are maintained by such a mechanism. It may be very difficult to 
demonstrate meiotic drive in man, for only a slight departure from a 50:50 
segregation can be sufficient to hold an allele at a relatively high frequency. The 
best evidence would be finding different segregation ratios in heterozygotes of 
the two sexes, especially if the abnormal ratio were in favor of the abnormal 


type. 
Does a polymorphic system benefit the population? 


A two-allele polymorphism based on heterozygote superiority is highly ineffi- 
cient, because the best genotype, the heterozygote, will never be a majority of 
the population (for the simple reason that 2p(1 — p) is never greater than 9). 
The genetic load may be reduced by increasing the number of alleles, but it 
may not be physiologically possible to have a large number of alleles that are 
heterotic in all combinations. 

It has frequently been suggested that a polymorphic system probably is of 
short duration relative to a long evolutionary history, for at least two reasons. 
First, a new allele may arise that can do all that the two old alleles did, and by 
fixing this a homozygous strain with the properties of the favorable heterozygote 
could be produced. If such an allele did not occur by mutation, it might by 
duplication, perhaps through an unequal crossover. Second, the more favorable 
homozygote will be frequent in the population and therefore any modifiers that 
change it in the direction of the heterozygote will be strongly selected. 

In a multiple allele system there is the additional difficulty that, the greater 
the number of alleles maintained, the greater become the effects of random drift 
in reducing the number of alleles; for with many alleles the loss by random drift 
goes up approximately as the square of the number. Also, it is not necessary 
for fixation of a new allele that its homozygous fitness be greater than that of 
any heterozygote; it is sufficient that it exceed the previous population average. 

For these reasons it seems that heterotic systems when they occur are likely 
eventually to be replaced. But as they are replaced new ones are probably aris- 
ing, so that a population at any one time is likely to carry several polymorphic 
loci. Yet some polymorphisms seem to have become stabilized and have been 
remarkably persistent. Certain chromosome polymorphisms in Drosophila have 
a long history and the human ABO blood group system is also found in anthro- 
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poid apes. The likelihood of persistence of such systems must be much greater 
when crossover suppressing systems are available. 

It has sometimes been assumed that a balanced polymorphism is of advantage 
to the population (see for example Dobzhansky 1951). This is a very difficult 
question to answer from data, for fitness of individuals is almost always meas- 
ured with respect to other individuals in the same population, and inter-popula- 
tion comparisons cannot therefore be made. 

It is clear that in some ways a polymorphism, or more generally an increased 
variability whether continuous or discontinuous, is of advantage to the popula- 
tion. The competition between individuals is less intense, the less similar they 
are. If the species is subject to predation a variety of morphs may be confusing 
to the predator, especially if these mimic different species as in some butterflies. 
Likewise the probability of extinction of a population in an epidemic may be 
lessened if it is variable, for this enhances the chances of resistant types being 
present. Finally, a greater variability increases the probability of long survival 
in a changing environment. 

But these advantages must be balanced against the disadvantages of greater 
variability, especially the lower average viability. So it is difficult to know with 
many polymorphic systems whether the population has benefited or not. In 
any event, the mechanisms that maintain polymorphism in a population (e.g. 
heterosis, frequency dependent selective values, meiotic drive) are quite distinct 
from any overall advantage that the species has in relation to other species. 

The foregoing remarks are based on a paper by R. A. Fisher that to me is 
most illuminating (Fisher, 1958). It is clear that any assessment of whether a 
polymorphic system is beneficial to the species depends on a complex of rela- 
tions of the species as a whole with the environment and especially with other 
species over a long period of time. In the mimetic butterflies there are obvious 
advantages that may offset the greater genetic load. Likewise the balanced 
lethal complexes in Oenothera make possible a continued heterosis and the 
homozygous deaths are confined to a period where parental expenditure is a 
minimum. Even so the load has been further reduced almost to zero in some 
strains by preferential segregation of one genome in female meiosis and pollen 
selection favoring the other genome. On the other hand it is hard for me to 
imagine any way in which the ABO polymorphism is sufficiently advantageous 
to the human species to compensate for its tremendous genetic load. The intra- 
populational mechanisms for its perpetuation exist so the polymorphism per- 
sists, whether it is good for the species or not. 


CONSANGUINITY ANALYSIS 


One of the most powerful techniques in population genetics is the analysis 
of the effects of inbreeding. The geneticist is interested not only in overt varia- 
bility but also in that which lies hidden in the various genotypes comprising 
the population. 

In experimental animals, especially Drosophila, there are techniques for 
making specific chromosomes homozygous so the analysis of hidden variation 
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is straightforward. Such analyses invariably reveal a large store of hidden reces- 
sive factors that when homozygous cause effects ranging from lethal to mildly 
deleterious and including all sorts of phenotypic changes. In human genetics 
similar information can be obtained from the study of inbreeding. 

Increased homozygosity can happen through a restriction of population size 
as on an island or in a culturally isolated group. Alternatively the geneticist 
can study instances of consanguineous marriage in a large population that is 
otherwise marrying approximately at random. The latter group is more informa- 
tive as regards hidden variability, for in long time isolates there is no way to 
determine how many recessive factors have already been eliminated through 
homozygosis in the past. 

A practical difficulty arises from the fact that consanguineous marriages are 
very rare in most human societies. Most instances of consanguinity are ascer- 
tained retrospectively through the discovery of a child with a recessive disease. 
However, a way of using consanguinity information ascertained in this way has 
been developed by Morton. Furthermore, large sample surveys such as those 
from the Japanese cities are beginning to yield data. I shall give a very brief 
summary of the results of such studies since the subject has been recently and 
extensively reviewed. The methods and principal results are found in the follow- 
ing references: Morton, Crow, and Muller, (1956); Neel, (1958); Schull, (1958) ; 
Morton, (1960). 

The basic principle is this: A child whose parents were cousins is, on the aver- 
ages homozygous for '4¢ of the alleles that would otherwise be heterozygous, 
and the corresponding fraction is easily computed for any other degree of paren- 
tal relationship. This fraction is the Inbreeding Coefficient, F, first devised by 
Sewall Wright. From data on the children of consanguineous marriages one can 
therefore compute what the effect of complete homozygosity would be by multi- 
plying the consanguinity effect by the reciprocal of F. 

Vital statisties from consanguineous marriages in rural France led to the esti- 
mate that the average individual carries about 5 lethal equivalents in heterozy- 
gous condition. The term lethal equivalent is used because there is no way in 
this method to distinguish between n lethal genes and 2n with 50 per cent prob- 
ability of causing death, or any other combination leading to an average of 5 
deaths. The value depends, of course, on the environment, for what is a lethal 
in a rigorous habitat may not be in a technologically advanced society. 

Similarly, one can say from analysis of other traits in consanguineous mar- 
riages that the average individual carries hidden about 5 genetic disease equiva- 
lents, about one mental deficiency equivalent, and about 15 congenital malfor- 
mation equivalent (Morton, 1960). 

It is important to distinguish whether the recessive factors that are revealed 
by inbreeding are maintained in the population as parts of a balanced poly- 
morphism or whether they are maintained by recurrent mutation. The distince- 
tion is especially important because, if the mechanism is mainly recurrent muta- 
tion, an opportunity is afforded to estimate the mutation rates. 

There have been two principal arguments advanced for believing that the 
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bulk of the genetic load revealed by inbreeding is mutational. One comes from 
the fact that the ratio of the homozygous load to that in a randomly mating 
population is expected to be high for recessive or nearly recessive factors main- 
tained by mutation, whereas with a heterotic system this ratio is equal to or 
less than the number of alleles maintained per locus (Crow, 1958, 1961). Unless 
there are a large number of alleles maintained the observed ratios are too high 
to be consistent with balanced polymorphism. However, this assumes that the 
various effects of the locus are all measured, whereas most of the data measure 
viability but do not include fertility differences which may be a large part of 
the selective differential. So this evidence by itself, though strongly suggestive, 
is not completely convincing. 

The second evidence comes from the magnitude of the load, as discussed 
sarlier. Using the Morton principle the load from just three conditions, involving 
probably less than 100 loci, was estimated as 0.22 per zygote, if these are main- 
tained by selective balance. Since there must be thousands of loci, this is an 
incredibly large load. If maintained by mutation, the load is much smaller, 
since as first shown by Haldane (1937) it is of the same order as the mutation 
rate. 

Collectively these arguments make it highly improbable that more than a 
minute fraction of the inbreeding effect is due to alleles maintained by balanced 
selective forces. (This is not to say that such factors are unimportant in deter- 
mining the variance and the genetic load in a population mating approximately 
at random.) If the inbreeding effect is due to alleles maintained by mutation 
this permits an estimate of the mutation rate, not just for single loci, but for 
classes of traits such as in viability, mental deficiency, and deafness (Morton, 
1960). Though depending on several unverifiable assumptions, the values are 
consistent with estimates made by other methods, when these are available for 
comparison. 

Although I believe that the ‘classical’? view expressed in the last few para- 
graphs is probably correct, the issue is not completely clear and there is evidence 
to the contrary. For a general non-technical discussion and a presentation of the 
alternative view see Wallace and Dobzhansky (1959). 


SUMMARY 


This review has been limited to a few selected areas; many others of equal or 
greater importance have been omitted—for example, population structure and 
genetic drift, isolates and isolate breaking, quantitative traits, anthropological 
investigations, and genetics of racial differences. Also the emphasis has been on 
human studies and has therefore neglected numerous field and laboratory studies 
in other animals and in plants. 

It is pointed out that a high fertility does not necessarily imply a correspond- 
ingly high intensity of selection and that, in fact, in the human population the 
opportunity for selection (as defined by the square of the coefficient of variation 
of the number of progeny per parent) has actually increased in recent years as 
the birth rate has fallen. 

Polymorphism is discussed with an emphasis on the cost of maintaining a 
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genetic polymorphism. The cost of the ABO polymorphism, due to maternal- 

foetal incompatibilities and to other factors is estimated as .06 embryonic deaths 

per zygote, a surprisingly high value. It is argued that the high cost of maintain- 
ing such polymorphisms limits the number of loci that can thus be maintained. 

The question of whether a polymorphism is beneficial to the population or not is 

raised, and it is emphasized that this question is ordinarily not capable of being 

answered since almost all the data are based on strictly intra-population measure- 
ments. 

Consanguinity analysis is one of the most powerful techniques available in the 
study of human populations. The estimation of the hidden load of deleterious 
factors is discussed and reasons are given for believing that such alleles are main- 
tained largely by mutation, and that therefore a means is provided for an indirect 
estimate of the mutation rate. 
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Some Genetic Considerations of the Abnormal 
Hemoglobins in the Light of Their Amino 
Acid Structure' 


AMOZ I. CHERNOFF 


Memorial Research Center, University of Tennessee, Knoxville, Tennessee 


THE HETEROGENEITY OF THE HUMAN HEMOGLOBINS has been the subject of 
considerable study ever since von Kérber, over one hundred years ago, noted 
the presence of a specific fetal hemoglobin in the blood of newborn infants (1). 
Much effort was subsequently expended in an attempt to define differences be- 
tween the normal adult and fetal hemoglobins, while an indication of the possible 
heterogeneity of normal adult hemoglobin was gained from studies of Brinkman 
and co-workers in the mid nineteen thirties (2). It was not until 1948, however, 
that an abnormal, genetically determined variant of human hemoglobin was 
discovered by Hérlein and Weber (3), who described a dominant form of met- 
hemoglobinemia in which the pigment was characterized by an abnormal globin 
moiety, an observation which was overlooked for almost eight years in the burst 
of enthusiasm following the announcement of the discovery of sickle cell hemo- 
globin by Pauling and associates in 1949 (4). In the decade since Pauling’s classic 
discovery of Hgb 8S, abnormal variants of adult and fetal hemoglobins have been 
discovered at an alarming pace, so that to date approximately thirty varieties 
have been described. In an attempt to avoid many of the pitfalls of nomenclature 
which plague sister areas of hematology, a conference of interested investigators 
met in 1953 (5) to adopt what, at the time, appeared to be a rational system for 
naming the various hemoglobins. Capitol letters of the alphabet starting with C 
were assigned (or, rather, claimed by the discoverer) to new compounds as they 
appeared, with the letters A, F and 8 being reserved for adult, fetal and sickle 
cell hemoglobins, respectively. As the pace of discovery quickened, multiple use 
of individual letters began to crop up and several international as well as private 
attempts were made to keep the situation on an even keel. By the time Hgb R 
was reported (6), the system was totally unworkable and a new convention was 
introduced to tide the matter over until such time as letters could be assigned on 
a more critical basis. This new convention utilizes the names of institutions, 
cities or countries, such as Hopkins Nos. 1 and 2, Durham No. 1, Stanleyville 

Presented as part of a Symposium on Genetics held at Western Reserve University, 
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Nos. 1 and 2, ete., to identify the pigment until an as yet unformed clearing 
committee can examine the data suggesting the compound to be novel and assign 
to it the next available letter. 

The characterization, separation, and purification of the many different human 
hemoglobins has called upon a great variety of techniques for their accomplish- 
ment. Indeed, the utilization of several newer procedures has provided the op- 
portunity for demonstrating differences between some remarkably similar com- 
pounds. Among those methods which have found greatest usefulness in this 
area are the alkali denaturation techniques for fetal hemoglobin and some of its 
variants; the determination of electrophoretic mobility, by both free and zone 
electrophoresis, carried out at acid or alkaline pH and on such diverse supporting 
media as paper, starch and agar; the utilization of chromatographic properties 
on paper and on resins such as Amberlite IRC-50 and carboxymethy! cellulose; 
the determination of the solubility of the hemoglobins in a variety of buffer 
systems, particularly applicable to studies of Hgb S and the very soluble com- 
pounds F and C; and the demonstration of immunologic specificity, particularly 
for Hgb F and, as recently shown by Heller and associates (7), for Hgb A» which 
appears to be more highly antigenic and immunologically specific than any other 
type of human hemoglobin. 

Other methods have also been utilized, but can not be dealt with at this time. 
It is, nevertheless, worthwhile noting that no one laboratory procedure is capable 
of separating all known hemoglobin types. The lack of a specific difference by 
any one technique, such as electrophoresis, means little in terms of possible 
changes in amino acid structure. For example, the replacement of one or more 
neutral amino acids by other neutral amino acids will not alter the net charge of 
a molecule or its electrophoretic mobility. Hence, we find as many as four dif- 
ferent hemoglobins migrating with the electrophoretic mobility of Hgb 8S. Sim- 
ilarly, it is very likely that buried within the Hgb A position electrophoretically 
are other genetically abnormal compounds. Only by the combined use of tech- 
niques which separate substances on the basis of different properties can this 
group of pigments be adequately evaluated. 

Following these introductory remarks, we are now in a position to summarize 
the objectives of the brief presentation which is to follow. These are (a) to review 
data, accumulated to a large extent during the past five years, on the chemical 
composition of human hemoglobins, (b) to interpret these findings in the light 
of current concepts of gene action and (c) to suggest a number of genetic models 
into which both clinical and chemical data can be fitted. 

From the molecular standpoint, hemoglobin may be considered as a moder- 
ately large molecule consisting of a protein moiety, globin, containing approxi- 
mately 600 amino acids, and to which are attached four heme groups, probably 
via histidine linkages. In terms of the human hemoglobin variants, the site of 
the genetic abnormality resides in the globin portion of the molecule and pre- 
sumably within the specific amino acid sequences of the polypeptide chains. 
Studies of the N-terminal sequences of these chains by such techniques as Sang- 
er’s DNP method and the Edman degradation have revealed the presence of two 
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N-terminal sequences in the normal adult hemoglobin, Hgb A, of the type 
valine-leucine and valine-histidine-leucine (8, 9). Likewise, Hgb F has yielded 
two varieties of N-terminal sequence, valine-leucine and glycine-histidine (10). 
It seems very likely, furthermore, that Hgb A» will turn out to have two varieties 
of N-terminal amino acids, one of which will probably be valine-leucine while 
the other remains to be determined (11). Quantitative data have also suggested 
that one mole of hemoglobin yields two moles of each of the N-terminal amino 
acids and that a total of four N-terminal groups, and presumably four polypep- 
tide chains, are present in each hemoglobin molecule (8). From X-ray crystal- 
lographic data (12) it is known that human hemoglobin is composed of two 
symmetrical half molecules which, in turn, suggests that, for Hgb A, both chains 
ending in valine-leucine are identical while the two polypeptide chains with 
N-terminal sequences of valine-histidine-leucine are likewise identical, an ob- 
servation strongly corroborated by recent quantitative amino acid studies. In- 
deed, it has been determined that the valine-leucine chains, now referred to as 
the a chains, (table 1) are identical in Hgbs A, F (13, 14) and probably Az: (11), 
while the second chain in each case differs—for Hgb A, the valine-histidine- 
leucine chain, or 8 chain, comprises the remaining portion of the globin (15, 16), 
for Hgb F, the glycine-histidine chain, or y chain, replaces the 8 chain (10), while 
for Hgb A» the identity of the second pair, or 6 chains, has not yet been deter- 
mined. It is perhaps pertinent to point out that the sequence of amino acids at 
the N-terminus of the 8 chain has already been worked out to include at least 
30 amino acids (17). One may describe the normal human hemoglobins — 
by formulae as follows: Hgb A = a282; Hgb F = azy2; and Hgb Az = and:. | 
Superscripts may be used to distinguish normal from abnormal compounds, i.e. 
Hgb A = a? 8: but for the sake of convenience, the absence of a superscript 
denotes the normal variety of the polypeptide chain. 

Recent investigations of the X-ray crystallography of hemoglobin, particularly 
the highly sophisticated studies of Perutz, Kendrew and associates (12), have 
made available a remarkably detailed three-dimensional picture of the molecule. 
Possessing at least two axes of symmetry, hemoglobin may be schematically 
pictured as a projection on a plane surface as seen in Fig. 1 where two pairs of 
fanciful a and 8 chains are noted (18). In three-dimensional representation (in 
Fig. 2 only two of the four chains are pictured), the detailed curvature of the 
a and 8 chains may be noted, the crevices within which sit the heme molecules 
linked to their respective polypeptide chains are evident, and the compactness 
with which all four polypeptide chains may unite is readily apparent. Numerous 
other details of these X-ray analyses have given considerable insight into the 


TABLE 1. N-TERMINAL SEQUENCES IN THE HUMAN HEMOGLOBINS 


a chain: val-leu-ser- 
6 chain: val-his-leu- 
y chain: gly-his-phe- 
6 chain: ? 
Hgb A = Hgb F = 
Hgb Ao = 


ing 
ign 
an 
sh- 
)p- 
m- 
11s 
its 
ne 
ng 
es 
er 
n- 
ly 
th 
er 
e. 
le 
y 
le 
of 
f- 
y 
s 
e 
l 
t 

i 
f | 
| 


154 CHERNOFF 


Fig. 1. Two dimensional, schematic representation of arrangement of the a and 6 chains 
of hemoglobin. Two pairs of fanciful a and 8 polypeptide chains, coiled about an axis of 
symmetry, are seen. (Reprinted, with permission of the publisher, from the work of Ingram, 
V.M. and Stretton, A. O. W., Nature 184, 1903, 1959.) 


positions of the —SH groups, the relationship, one to another, of the carboxy 
and N-terminal ends of the polypeptide chains, as well as the localization of 
water of hydration and sites of possible hydrogen bonding. 

We are now in a position to examine the structural details of hemoglobin in 
terms of possible gene action. Assuming DNA to represent the genetic material, 
it has been suggested that exact replication of the DNA preserves the genetic 
information which it contains coded within its sequence of paired bases. The 
base sequence of DNA indirectly determines the exact sequence of the amino 
acids which eventually appear within the primary product of gene action (Fig. 
3). DNA may act as a template for RNA formation which, in turn, within 
microsomal particles, masterminds the linkage of individual amino acids into 
the primary gene product. The primary gene product probably consists of a 
polypeptide chain which may represent all or part of a protein or enzyme mole- 
cule. These primary gene products may then, via any number of intermediary 
reactions, lead to the production of a variety of secondary gene products. In the 
-ase of hemoglobin, it is very likely that the a, 8 and y chains represent early, if 
not the primary, products of gene action and hence, elucidation of their struc- 
ture may offer unique opportunities to break the genetic code. One may sum- 
marize these relationships schematically as in Fig. 3, where the helical coil of 
DNA is represented by a wavy line, the a and 8 polypeptide chains, by straight 
lines. Additional items in this figure relate to forces holding the a and 6 chains 
together (vertical wavy lines and brackets), the relationship of the four hemes 
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Fig. 2. Three dimensional representation of one of the sets of a and 8 chains of horse 
hemoglobin, based on X-ray analysis. The scale model, seen in the upper portion of the 
figure, is repeated schematically in the bottom half of the plate and reveals the intricacies 
of the polypeptide foldings, relationship of the two chains to each other, position of the 
heme groups, ete. (Reprinted, with the permission of the publisher, from the work of Perutz, 
H. F. et al., Nature 185, 416, 1960.) 
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Fig. 3. Schematic represeritation of possible relationships between genetic material and 
polypeptide chains of hemoglobin. See text for detailed description. 


to the polypeptide chains (slanting lines) and, finally, the point transfer of a 
mutation to the hemoglobin molecule (heavy dots). A number of pertinent com- 
ments may be made in relation to this highly hypothetical diagram. 1. Each 
type of chain seems to be determined by an independent genetic unit. 2. Ag- 
gregation of the a and 6 chains into a2 and 82 subunits occurs via unknown link- 
ages possibly involving hydrogen bonding. 3. The forces linking a2 and £2 to- 
gether are as yet unknown but are likely to be related to —SH groups or to 
hydrogen bonding. 4. Point changes in the genetic material are reflected in 
amino acid alterations, probably one change per mutation, in the peptide chain. 
5. The heme molecules are attached, one per chain, probably via histidine link- 
ages. 6. Alteration in the amino acid sequence near the site of heme attachment 
may alter the reactivity of these hemes (i.e., Hgb M (19)). 

If we represent the genetic units controlling individual chain formation by 
the symbols a, 8 and y and use superscripts to identify a gene carrying a muta- 
tion, we may then represent homozygosity and heterozygosity as pictured in 
table 2. Once again, the superscript A, in reference to the normal situation, has 
been omitted. Homozygosity for normal adult hemoglobin would be represented 
by a/a and 6/8. Heterozygosity for a mutation on either the a or the @ chain 
could also be represented by the symbols given in table 2. Similarly, homozygos- 
ity for one or the other abnormality may be easily introduced into this scheme. 

A number of questions necessarily present themselves in relation to these 
genetic considerations, some of which we may deal with briefly at this time. In 
the presence of heterozygosity for one of the allelic pairs of genes, why do we not 
find, for example, a hemoglobin of composition a286*, where 8* refers to the 
peptide chain controlled by the mutated gene responsible for 6 chain production? 
A possible explanation may be that specific peptide chains are produced in 
specific ribosomal particles. If we assume strong physico-chemical forces leading 
to a or B2 aggregation, there may be little opportunity for a 8 and 6* chain, 
produced in different microsomal particles, to come together before aggregation 
of 28 or 28* chains has occurred. That such aggregation may on rare occasions 
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TABLE 2. GENOTYPIC REPRESENTATION OF THE HEMOGLOBIN ABNORMALITIES 


Genotype Hgb type Remarks 
a/a; (Hgb A) normal homozygote 
a/a; B/B* a2B» (Hgb A) + a262* (Hgb X) simple heterozygote 
; B/B (Hgb A) + a2¥82 (Hgb Y) simple heterozygote 
a/a; B*/B* a2B2* (Hgb X) abnormal homozy- 
gote 
a/a; B*/B (Hgb X) + (Hgb Z) mixed heterozygote 
B/B* (Agb A) + a2¥B2* (Hgb XY) double heterozygote 
+ (Hgb Y) + arB2* (Hgb X) 
etc. 


occur, however, seems very likely. Present methods of detection would probably 
be insensitive to the small amounts of such hybrid molecules produced. Do ae 
and 82 subunits exist free in the human erythrocyte and, if so, why are they not 
detectable as such? If present, why are not a, and 84 produced? Possible answers 
to these questions must also be based on a high level of conjecture. The reaction 
a2 + Bs — a8. presumably proceeds much more rapidly and efficiently than 
either a2 + a2— as or Bo + Bs — By. It would seem unlikely that exactly equal 
numbers of a and 6 chains are produced so that some free a2 or Bz may actually 
exist. The formation of as and 8, would then be expected and one must assume 
that the small amounts involved have escaped detection. In fact, Hgb H, an 
oddity among hemoglobins from several standpoints including the genetic one, 
has been shown to have the composition 8, (20). Since Hgb H has been found 
primarily in the presence of thalassemia, while on several occasions, a hemoglobin 
resembling H has occurred as a consequence of Hodgkin’s disease and acute 
leukemia (21, 22), one may postulate that these disorders have interfered, either 
qualitatively or quantitatively, with @ chain production or reactivity, permit- 
ting the reaction 8, + 82 — 6, to proceed. That a similar situation has not been 
noted for the a chains (a4) may be explained by the fact that the a chains are 
presumably shared by the y chains of Hgb F and the 6 chains of Hgb A, . There 
would be little likelihood of excess a chain production under such circumstances. 
Further support of this concept is gained from the evidence which suggests that 
Bart’s hemoglobin, a y, polymer (23), occurs briefly during the neonatal state, 
at a time when an excess of y chain production may exist relative to the avail- 
ability of a chains, which find increasing amounts of 6 chains with which to 
combine. One would also anticipate the occurrence of both ys and 4, in the 
presence of severe a chain formation disturbance, such as might exist in thalas- 
semia, an event which may already have been documented by Ramot and 
associates (24). 

We now turn our attention to the elegant amino acid studies of hemoglobin 
introduced by Ingram (25-31) and presently being carried out in many different 
laboratories. Through the use of controlled tryptic digestion of the hemoglobin 
molecule, Ingram was able to show by combined chromatography and electro- 
phoresis that Hgb A contains between 25 and 30 reproducible peptides (27) 
(Fig. 4). Similar studies with Hgb S revealed the displacement of one of these 
peptides from its normal position. When Hgb C was subjected to similar experi- 
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Fig. 4. Fingerprints or peptide maps of partially digested hemoglobin made by a com- 
bination of electrophoresis and chromatography. At top left is the fingerprint of normal 
hemoglobin; at top right, of Hgb 8. The hatched spots in the diagrams show where they 
differ significantly. (Reprinted with the permission of the publisher from Ingram, V. M., 
Scientific American 198, 68, 1958.) 
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TABLE 3. AMINO ACID SEQUENCE OF ABNORMAL PEPTIDE OF Hass S anp C 
Tr 


Hgb A: Val-His-Leu-Thr-Pro-Glu-Glu-Lys- fT 
T 
Hgb Val-His-Leu-Thr-Pro-Val-Glu-Lys- 


T T 
Hgb C: Val-His-Leu-Thr-Pro-Lys- 7 Glu-Lys- T 


Points of Tryptie Cleavage 

mental conditions, this same peptide was found to be missing from its usual 
position and was replaced by two new fragments (29). When the amino acid 
sequences of this critical peptide were determined, it was noted that, in each 
instance, but a single amino acid was changed (31) (table 3). In the case of Hgb 
S, valine replaced one of the glutamic acid residues found in this peptide, while 
in Hgb C, lysine was found to have replaced the same amino acid, which permit- 
ted trypsin to split the peptide into two fragments. No differences were detected 
in any of the other tryptic peptides nor in the chymotryptic digest of the so 
called resistant core (26). In the case of both Hgb S and Hgb C, the charge altera- 
tions resulting from the substitution of a differently charged molecule were just 
sufficient to explain the changes in mobility already well established electro- 
phoretically. Although the technique of fingerprinting or peptide mapping has 
been extended and improved, the classic work of Ingram and his colleagues 
stands as a milestone of genetic biochemistry in terms of pinpointing the effects 
of a single gene mutation. Among the many modifications which have been intro- 
duced, the separation of globin into its a and 8 or a and y chains has greatly 
reduced the complexity of the fingerprints (32, 33, 34). For example, we are now 
able to isolate the a and 6 chains of hemoglobin with a high degree of purity from 
an Amberlite ion exchange column using an interrupted gradient elution system 
(34) (Fig. 5). The latter utilizes urea solutions of increasing molarity at pH 1.9 
to wash the peptides from the resin, a technique modified from that of Smith 
and Wilson (32). Although our own peptide numbering system differs from that 
of Ingram, results in our respective laboratories have been remarkably similar 
(35) (Figs. 6, 7 and 8). A significant number of hemoglobins have now been ex- 
amined by the fingerprint method and both a chain and 8 chain defects have been 
observed. A summary of these findings is presented in table 4. Sequence studies 
for several of these hemoglobins has revealed the precise amino acid alteration 
which has occurred. 

Other techniques have also been brought to bear on this general problem, 
including the use of both countercurrent distribution (36) and ion exchange 
chromatography (37, 38) to isolate and analyze the tryptic peptides. It seems 
very likely that before long the total sequence of the peptide chains of hemoglobin 
will be known and the precise amino acid defect in each of the hemoglobin types 
identified. 

One other series of experiments has direct bearing on the problem of the 
genetics of the hemoglobins, that is, studies on the dissociation and recombina- 
tion of the hemoglobin molecule. Based on the original observations of Field and 
O’Brien (39) these studies have been extended by a number of workers including 
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Fig. 5. Separation of the a and 6 chains of human hemoglobin on Amberlite IRC-50, 
using an ‘‘interrupted”’ gradient of urea for elution. 


ELECTROPHORESIS, pH 3.7 


BuOH : HAc: H20 


Fig. 6. Schematic representation of two dimensional peptide map of tryptic digest of 
human Hgb A. 


Itano, Robinson, Singer, Vinograd and others. Hemoglobin dissociates into half 
molecules of approximately the same size under conditions of mild acidity or 
alkalinity. Following dissociation at either pH 4 or 11, recombination of the 
fragments occurs on neutralization of the solution (40-43). Theoretically, dis- 
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Fig. 7. Two dimensional peptide map of tryptic digest of a chain of human Hgb A. 
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Fig. 8. Peptide map of tryptic digest of 8 chain of human Hgb A, with insets demonstrat- 
ing abnormalities found in the 6 chains of Hgbs S, C and E. The peptides outlined by the 
dotted lines are as yet indefinite members of the 8 chain. 


TABLE 4. KNowN ABNORMAL HEMOGLOBIN CONFIGURATIONS 


e@ chain 
De Q 
G. Ho2 
I 
P 


B chain + chain 
C H(B,) Bart’s (v4) 
Ds L 
E R 
Gs 


sociation may take place in a symmetrical or asymmetrical fashion (Fig. 9). By 
ingenious tagging experiments and the use of hemoglobins bearing distinguish- 
able heme groups, Itano and associates were able to show that dissociation under 
these conditions almost certainly takes place in an asymmetrical fashion (43, 44). 
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DISSOCIATION AND RECOMBINATION OF 
THE HEMOGLOBINS 
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Dissociation Dissociation 


Fic. 9. Alternative pathways for dissociation of hemoglobin. 
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(Hybrid) 


Fic. 10. Alternative pathways for dissociation and recombination of hemoglobin utiliz- 
ing two different identifiable molecules as markers. 


a ar a a 


One such experiment is described in Fig. 10 in which two different molecules, 
each containing an identifiable tag in the 6 chain, for example 6° and 6°, are 
dissociated, then recombined. Since there would be equal opportunity for random 
recombination of the half molecules, one would expect some hybrid molecule 
formation to occur with symmetrical dissociation, whereas asymmetrical dis- 
sociation would lead only to the original forms of hemoglobin. Only the latter 
situation has so far been observed. If dissociation and recombination is permitted 
to occur between two hemoglobin molecules, one bearing an a chain marker, the 
other a 8 chain marker, asymmetrical dissociation would predict the appearance 
of four varieties of hemoglobin on recombination, one of which would be a hybrid 
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(Hybrid) 


Fic. 11. Asymmetrical dissociation and recombination of hemoglobin resulting in four 
molecular species of hemoglobin. 


containing both markers (Fig. 11). Such experiments have, in fact, been per- 
formed and yielded the expected varieties of recombined hemoglobin, adding 
further proof to the concept of asymmetrical dissociation (45, 46). The importance 
of these observations to genetic theory is apparent, since individuals who carry 
both a and 6 chain abnormalities, the so called double heterozygotes, would be 
expected to have as many as four hemoglobins not including Hgb F. At least 
four such examples have already been found and more are likely to appear 
(47-50). 

We now turn to the final aspect of this presentation, that is, the development 
of a genetic scheme which attempts to fit the data already presented. In this 
discussion, no mention will be made of Hgb A» because it complicates the figures 
unnecessarily and can be easily fitted into the scheme of things by those who 
are interested in doing so. Under normal circumstances, three sets of alleles 
must be assumed controlling a, 8 and y chain formation, which will be schematic- 
ally represented by the symbols used in Fig. 12. In utero, 8 chain production 
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Fig. 12. Schematie representation of the hypothetical genetic control of hemoglobin 
formation in the normal individual. 
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B CHAIN ABNORMALITY a@ CHAIN ABNORMALITY Y CHAIN ABNORMALITY 
cd 

(HgbF) Hgb A + Hgb X (HgbF +AbnF) HgbA+Hgb Y (HgbF+HgbZ) HgbA 


X =HgbS,C,D,,E,R, etc. 
Y = Hgb !,0a,Ho2, etc. 
Z = NONE YET OBSERVED 
Fig. 13. Schematic representation of hypothetical genetic relationships in the hetero- 
zygous hemoglobin traits. 


may either be inhibited by genetic supressors or may be ineffectual because of 
conditions existing in the intrauterine environment which lead to a competitive 
disadvantage for 8 chain formation. Thus, little a28. (or Hgb A) is formed, but 
large amounts of Hgb F. At birth, the balance begins to shift and soon the pat- 
tern of adulthood is established with little y chain formation and hence, little 
Hgb F. Note, however, that the genetic mechanism for y chain formation per- 
sists and may find renewed expression in later life under unusual stress circum- 
stances (51). 

The simple heterozygous conditions, or hemoglobin traits, can be pictured as 
having a mutation involving one of the allelic pairs controlling the formation of 
any of the three chains (Fig. 13). We have already mentioned the hemoglobins 
known to have either a or 8 chain abnormalities. To date, no such abnormality 
has been observed involving the y chain of Hgb F, but one would expect that 
those hemoglobin traits in which an a chain mutation has occurred would also 
possess an abnormal fetal hemoglobin. A summary of the many known examples 
of simple heterozygous hemoglobin trait conditions is presented in table 5. 

Homozygosity involves mutations of both alleles at a given locus and may, 
once again, involve any one of the three chains (Figure 14). To date only homozy- 
gous 8 chain abnormalities have been described, but should homozygosity for 
abnormal a chains be encountered, we would expect abnormalities of Hgb F as 


TABLE 5. HETEROZYGOUS HEMOGLOBIN TRAITS 


@ chain B chain Undetermined 
A+ Da. A+ C A+ D, 
A+ Ga A+ Dz A+ J 
A + Ho 2 A+E A+K 
A+ I A + Gs A+M 
A+P A+ L A+N 
A+Q A+R A+0O 
A+S5 A + Stanleyville I 
A + Stanleyville II 
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x 
22 Ye a,B2 22 a, B, 
Hgb F HgbX ABNORMAL HgbY 
HgbF 
( HgbS,C,Dg or E ) (NOT YET OBSERVED) 


Fic. 14. Schematic representation of hypothetical genetic relationships in the homozy- 
gous hemoglobin diseases. 
TABLE 6. HoMozyGOUS HEMOGLOBIN DISEASES 
e@ chain 8 chain 


None described 


well. The known examples of homozygous hemoglobin diseases are listed in table 
6. 

Mixed heterozygosity involves the replacement of the normal allelic genes by 
two different mutants (Fig. 15). At present such combinations have only been 
found involving the 8 chain, examples of which are presented in table 7. 


YY YY 


x X2 Y, 
a, Bp a, B2'+a2 B2 a2! Ye a2'B, + a2* 


2 Abnormal Hgb Y, + Hgb Y2 
HgbF Hgb X, + Hgb X2 Feta! Hobs 
(S+C, S+D, S+E, etc.) (NOT YET OBSERVED) 


Fig. 15. Schematic representation of hypothetical genetic relationships in the mixed 
heterozygous hemoglobin diseases. 


Double heterozygosity, already alluded to, results when single mutants involve 
both a and 8 chains, a condition which may result in four types of hemoglobin 
plus two forms of Hgb F (Fig. 16). Four and possibly five such combinations 
have been observed (47-51, 52), although no studies of the Hgb F component 
have yet been reported (table 8). 
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B | 
Y x Y Y 
+%2 Ye B + a, 
Hgb F Hgb A + Hgb X + Hgb Y + Hgb XY 
+ 
ABNORMAL 
HgbF 


(Ho2 +S,Gg+C, P+S, etc.) 
Fig. 16. Schematic representation of hypothetical genetic relationships in the double 
heterozygous hemoglobin diseases. 


Introducing thalassemia into this general scheme poses serious problems since 
it is apparent that the basic genetic defect of thalassemia is unknown and further- 
more it appears that multiple genetic factors may be involved (53, 54). If one 
assumes, for the sake of both argument and simplicity, that one main factor 
relates to the hemoglobin findings of thalassemia, at least two independent 
schemes are possible. One hypothesis suggests that the thalassemia factor is not 
directly related to the genes controlling hemoglobin synthesis, but can affect 
their activity by acting as genetic suppressors, by competing for vital substrates 
or by interfering with normal a and 6 chain linkage (Fig. 17). If present in the 
heterozygous form, the thalassemia gene may, for example, interfere minimally 
with the reactivity or availability of 8 chains for Hgb A production permitting 
the excess, uncommitted a@ chains to form some Hgb F in combination with the 
available y chains. In the presence of homozygosity for this factor, serious inter- 
ference of 8 chain availability may occur, leading to a marked increase in Hgb 


TABLE 7. MIXED HETEROZYGOUS HEMOGLOBIN DISORDERS 


@ chain B chain Undetermined 
None described s+C s+J 
S+ Ds K+ D 
S+E 
S + Ge 
S+R 


TABLE 8. DOUBLE HETEROZYGOUS HEMOGLOBIN DISORDERS 
and chain 
S + Ho 2 
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NORMAL THALASSEMIA TRAIT COOLEY's ANEMIA 
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Ke 

( HgbF ) HgbA + HgbF HgbA HgbF4 HgbAy 


() - NORMAL ALLELE 
& - THALASSEMIA ALLELE 
Fic. 17. Schematic representation of hypothetical genetic relationships in thalassemia. 


This hypothesis postulates a defect which does not directly affect the amino acid structure 
of the individual chains. 


F. The excess, unused 8» or 8, aggregates may explain the presence of unidenti- 
fied heme and non-heme components found in thalassemia by several workers 
(55, 56). 

An alternative hypothesis suggests that thalassemia involves a direct mutation 
of the genes governing a or 6 chain formation, but with the substitution of 
amino acids which do not alter the electrophoretic mobility of the end product 
(18) (Fig. 18). a and 6 chain thalassemia could exist in the heterozygous, homozy- 
gous or double heterozygous states to yield a variety of different clinical syn- 
dromes. Other permutations and combinations would be possible under these 


a CHAIN THALASSEMIA B CHAIN THALASSEMIA 
T 
HgbF + AbnF HgbA+AbnA HgbF HgbA+AbnA 
T 
COOLEY'S 
COOLEY S_ 2 
a}p a2B2 
Abn Hgb F Abn Hgb A Hgb F Abn Hgb A 
MIXED TYPE 


HgbF+AbnF HgbA+3AbnA's 


Fig. 18. Alternative hypothesis relating the genetic control of thalassemia to direct 
abnormalities of the polypetpide chains of hemoglobin. 
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TABLE 9. COMBINATIONS WITH THALASSEMIA 


+ a chain + B chain Undetermined 
Thal-Q Thal-C Thal-J 
Thal-D 


Thal-E 
Thal-G 
Thal-G + 8S 
Thal-H(6,) 
Thal-S 


circumstances including mixed conditions with the abnormal hemoglobins and 
abnormalities of the Hgb F molecule. It is obvious from table 9 that the nu- 
merous clinical combinations already encountered will provide ample material 
to test some of these hypotheses in a critical fashion. 
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Hereditary Gamma Globulin Groups in Man 


RUNE GRUBB 
Lund 


GAMMA GLOBULINS are, of course, well known for their capacity to exhibit speci- 
ficities—the antibody specificities. This striking and fascinating feature attracts 
the human mind and, at times, nearly dazzles it. The first point which I wish to 
emphasize is that the pre-occupation with combining site of antibodies has tended 
to eclipse interest in a major portion of the gamma globulin molecule. To an 
immunologist this idea comes easily to mind in Cleveland, where so much praise- 
worthy work has been done on factors acting together with gamma globulin. 
There is good reason to give attention to aspects of the gamma globulin molecule 
other than the combining site and that is where the gamma globulin, Gm, groups 
come in. I do not wish to claim that the Gm groups were found by purposeful 
study with this end in mind. On the contrary, they were born out of a mere chance 
an accidental observation made in the field of clinical pathology. We were study- 
ing whether cases of so-called a-gammaglobulinemia were really a-gammaglob- 
ulinemia and not hypogammaglobulinemia and for this purpose we were using 
an immunological method, a Coombs’ consumption test. Time does not permit 
me to give this part of the story in full, but I merely want to point out that the 
methods used for distinction of these groups are largely empirical. They are 
determined by agglutination-inhibition tests using the items listed in table 1. 

In item 1 the antibody is usually incomplete anti-Rh, but the antibody need 
not be anti-Rh. Item 2 is usually, though not necessarily, derived from a patient 
with rheumatoid arthritis. Even sera from exceptional healthy blood donors will 
do. The items are selected empirically. One cannot take a random anti-Rh or a 
serum from a random patient with rheumatoid arthritis. Differences in the se- 
lection of the reagents has resulted in the detection of new Gm factors or Gm-like 
factors. 

This may seem an odd way of detecting a common human gene, Gm*, but there 
is no doubt that it works. The family data comprise some 600 families and there 
are also extensive data on twins which are consistent with a simple scheme, that 
the Gm? gene is dominant. 

The Gm(a) specificity is contained in gammag globulin with a sedimentation 
constant of 7S from properly selected individuals. It is predominantly a human 
attribute and has not been detected in any of several other species studied except 
in the chimpanzee and then it was rather weak. It is well known that rabbits 
have their own gamma globulin groups which are not identical with, but probably 
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TABLE 1. THE REAGENTS INVOLVED IN GM GROUPING AND THEIR INTERACTIONS 


Agglutination Group 

1. Red cells coated 

with human antibody = No 
2. Red cells coated 

with human antibody + R.A. factor == Yes 
3. Red cells coated 

with human antibody + R.A. factor -+ Normal serum = No = Gm(a+) 
4. Red cells coated 

with human antibody + R.A. factor + Normal serum = Yes = Gm(a-) 


TABLE 2. FREQUENCY ‘OF GROUP GM(A+) IN EUROPE 


% Gm(a+) 
Southern Italy, Greece 40 
France 50 
Denmark 55 
Sweden, Norway 60 
Lapland 67 


analogous with, the Gm groups. The Gm(a) specificity is easily destroyed by 
several proteolytic enzymes but not by periodate or sulf-hydryl compounds. 
Heating has a complex effect on Gm factors. It may considerably augment the 
inhibitory capacity of Gm(a+) sera, and this may be especially true of Gm(a+) 
sera from Negroes. 

The frequency of group Gm(a) varies with the population and figures for 
Europe are listed in table 2. 

If we inquire into the question of relationship between latitude and frequency 
of Gm(a+) we find to start with, that the latitudes of Naples, Athens, Paris, 
Copenhagen, Stockholm and Oslo are 40, 40, 50, 55, 60 and 60 respectively. The 
latitude of Kiruna, the capital of Lapland is 67. In other words: Latitude equals 
frequency of Gm(a+) in Europe. We can thus draw a straight line—a cause and 
effect relationship. This is instructive, at least didactically. This nice European 
scheme breaks down completely as soon as we try to apply it to other continents. 
The frequency of Gm(a+) is almost 100 per cent in most areas studied not popu- 
lated by Caucasians. But before we dwell further on the population data it might 
be convenient to describe the other Gm and Gm-like factors (table 3). 

As already mentioned, these other factors are detectable by the same technique 
as Gm(a), the only difference being the selection of the reagents. 

Gm(b) was detected in Norway. The frequency and family data concerning 
Gm(a) and Gm(b) do not deviate significantly from calculations based on the 
assumption that genes Gm* and Gm? are alleles. This statement is, however, true 


TABLE 3. KNowN GM FACTORS AND RELATED FACTORS 


Gm (a) Grubb 1956, Grubb & Laurell, 1956 
Gm (b) Harboe, 1959 

Gm (x) Harboe & Lundevall, 1959 
Gm_-like Steinberg, Giles & Stauffer, 1960 


In (v) Ropartz, Lenoir & Rivat, 1960 


Aw 
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TABLE 4. GM FACTORS IN WESTERN EUROPE AND WESTERN AFRICA 


W. Europe W. Africa 
Gm (a+) 55 = 100 
Gm (b+) 85 >98 
Gm (x+) 25 0.5 
Gm-like (+) not observed 65 
In (v+) 19 53 


only within quite narrow limits. It applies to the Caucasian populations hitherto 
studied and published but it is not true for Negro populations. The statement 
might turn out not to be true for Caucasian populations either. The explanation 
for the choice of the term Gm(b) is, however, to be found in these early data. 

Gm(x) is related to Gm(a) in the sense that nearly all x-+ persons are also a+. 
There is, however, one exceptional family known in which two of the members 
studied are (a— x+). 

As will be observed, Gm-like was found in Cleveland and is a factor of con- 
siderable interest particularly from the point of view of differences between 
populations, being common in Negroes, but absent in whites. 

In(v) was detected a short time ago in France. In stands for inhibitor and V is 
the initial of the donor of the particular reagin. It has been shown that all factors 
are inheritable, behaving as dominants. 

A group variation of gamma globulins possibly related to the Gm system and 
which is often not manifest until puberty has been described from the United 
States by Goodman. 

The frequency of the Gm and Gm-like factors in the populations of Western 
Europe and Western Africa will be apparent from table 4. 

Most of the African data are those of Ropartz et al. The very high frequency 
of a+ as well as b+ in Western Africa is striking and hardly compatible with the 
idea of genes Gm* and Gm’ being alleles. The existence of an allele Gm” in Negroes 
has been suggested by Steinberg et al. Gm(x) is frequent in Europe but rare in 
Africa, whereas the opposite is true for the Gm-like character. Steinberg et al. 
found a frequency of Gm-like(+) of 27.5 per cent in Negroes in the Cleveland 
area. 

The complexities of the hereditary group system or systems of human gamma 
globulins is, indeed, obvious and the time is hardly ripe to put forward a complete 
genetic schema. The data are scarce because some of the factors were detected 
less than a year ago. In a way, it is reassuring to know that the gamma globulin 
groups of the rabbits, the ‘‘allo-types’’ of Oudin, are also quite complex. At least 
in the rabbit it is clear that several loci are involved. 

As to the relationships between the Gm group system and rheumatoid arthritis 
serology the reader is referred to a “Current Comment” in Arthritis and Rheu- 
matism (1961). 

The Gm groups in pre- and early postnatal life exhibit some unusual features, 
i.e. unusual for a serological group system. For the individual’s inherent Gm 
specificities do not appear until several months after birth. Furthermore, the 
foetus-infant is exposed to the Gm specificities of the mother during a period 
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which is usually critical for the establishment of immune tolerance. These un- 
usual features are stressed for the reason that it might be well worth looking into 
the Gm constitution not only of the diseased person (child or adult) but also 
whether and if so, how, it differs from his mother’s Gm constitution. We know 
from the isoimmunization diseases, for example, how important this comparison 
may be. As we heard yesterday, it is highly important for a child to choose a 
mother which suits its own constitution. This point has been neglected until now 
in the study of Gm constitution in rheumatoid arthritis and Still’s disease. 

Let me conclude by stating that it is obvious that at present our knowledge of 
the Gm groups gives rise to more questions than it can answer. These groups are of 
interest in three related fields: genetics, pathophysiology and molecular physico- 
chemical constitution. 
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Chromosomal Aberrations in Man 


JEROME LEJEUNE ann RAYMOND TURPIN 


Institut de Progénése, Paris 6, France 


FouR YEARS AGO, the field of human cytogenetics was opened by the demonstra- 
tion by Tjio and Levan (1956) that the number of chromosomes was 46 in our 
species. With the increasing efficiency of the methods of tissue culture the karyo- 
type of man began to be carefully analysed and its morphology is now familiar to 
geneticists. 

The study of chromosomal abnormalities is still more recent, for this chapter 
was opened 22 months ago with the discovery of the mongolian Trisomy (Le- 
jeune, Gautier, and Turpin, 1959a, Lejeune, Turpin and Gautier, 1959b). Dur- 
ing these 22 months the number of observations obtained in many labora- 
tories is so vast that at least 23 different aberrations have been collected. At the 
present rate of about a syndrome a month, the task of a reviewer becomes ex- 
ceedingly difficult. 

To face this challenge the possibility remains of splitting the data into cate- 
gories so that a new finding can be easily integrated into the proposed plan. 

As is usual in experimental genetics, chromosomal abnormalities can be classi- 
fied in two main types: the aneuploidies, resulting from an abnormal segregation 
of the chromosomes, and the structural changes, such as deletion, inversion, 
duplication and translocation. 


A. NUMERICAL ABNORMALITIES 


It is generally considered that the absence of a given chromosome or its pres- 
ence in triplicate is related to non-disjunction of paired homologues during 
meiosis. This postulated mechanism being actually impossible to demonstrate in 
our species, I plan to avoid the term non-disjunction and to use the more general 
term ‘abnormal segregation”, which has the main advantage of describing what 
we know and not implying what we do not know. 

In discussing the findings on abnormalities, I shall use the standard system of 
nomenclature agreed upon in Denver last spring (Report of a Study Group, 
1960). 

The abnormalities actually known involve both autosomes and sex chromo- 
somes. We will first discuss autosomal aberrations. 


1. Numerical aberrations of autosomes 


Among the syndromes of mental deficiency, no entity has been more thor- 
oughly investigated and differently explained than mongolism in the course of 
the 93 years following its description in 1866 by Langdon Down. 

Presented as part of a Symposium on Genetics held at Western Reserve University, 
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From the clinical data, stereotypy of the features, concordance of monozygotic 
twins, and reproduction of mongoloid mothers, the indication of a genetic domi- 
nant event was obvious, but severely contradicted by the frequency of the con- 
dition (a hundred times greater than other known mutation rates). 

On the other hand, the existence in mongols and also, to a much lesser extent 
among their relatives, of minor stigmata which can be inherited in a Mendelian 
manner in normal people, suggested a polygenic inheritance. 

Hence, a dominant event acting on a great number of genes led to the hypoth- 
esis of a chromosomal abnormality which was tested in 1958 and established in 
1959 (Lejeune, Gautier, and Turpin, 1959b; Lejeune, Turpin, and Gautier, 1959a 
and. b). 

That mongolian children are trisomics for chromosome No. 21 can be easily 
demonstrated. The abnormal count of 47 chromosomes results from an extra 
small acrocentric, satellited chromosome, not distinguishable from the usual 
members of pair 21. 

Trisomy for 21 explains all the peculiarities of mongolism, even the maternal 
age effect, but, as we will see later, the number 47 is not obligatorily observed in 
this condition. 

The other trisomics actually described concern clinical entities less well defined 
than mongolism, for the very reason that in these, individualization has resulted 
from the chromosomal findings. 

One, described by Edwards, Harnden, Camaron, Cross, and Wolf (1960) in- 
volves chromosome No. 17, and was found in a girl showing, abnormalities of the 
skull and of the ears, a webbed neck, and congenital heart disease. 

Another, described in two cases by Patau, Smith, Therman, Inhorn, and Wag- 
ner (1960), involves one of the big acrocentric chromosomes (group 13-15) and 
is characterized by cerebral defect, anophthalmia, cleft palate and hare lip, heart 
disease, etc. The same authors have referred to another syndrome resulting from 
trisomy of a member of the group 16-18. It is likely that the chromosome in- 
volved is the same as in Edwards’ patients. 

Still another syndrome has been described by de Carli, Nuzzo, Chiarelly, and 
Poli (1960), in relation to trisomy for a member of the 6-12 group. 

Various abnormalities have also been reported in relation to aberrant karyo- 
types. So, a malformed porencephalic boy was first considered a triploid (69 
chromosomes) and secondly as a possible mosaic (B66k and Santesson, 1960a). 

Also, by the same authors (in press) a mother and her girl each having an inter- 
auricular communication were considered as trisomic for 19 or 20, in part of their 
cells, the girl being, in addition, monosomic for 21 or 22. 

Two cases of Marfan’s disease were reported by Tjio, Puck, and Robinson 
(1959) as presenting a satellite bigger than normal, on 13 for one case and on 21 
in the other. Other cases of Marfan’s syndrome studied by other workers were 
considered normal. 


2. Numerical aberrations of sex-chromosomes 


A few years ago extensive study by endocrinologists of the chromatin body of 
Barr and Bertran (1949), led to the conclusions that among the gonadal dysgene- 
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ses, the male type (Klinefelter chromatin positive) had two X-chromosomes, and 
the female type (Turner, chromatin negative) had only one X. This last point 
was strongly supported by the study of color-blindness among ‘Turners’ by 
Polani, Lessof, and Bishop (1956). 

As first shown by Jacobs and Strong (1959), the Klinefelter syndrome is 
characterized by the presence of 47 chromosomes with XXY sex chromosomes. 
Conversely, as shown by Ford, Jones, Polani, de Almeida, and Briggs (1959), 
only one X is present in patients with Turner’s syndrome with a count of 45 
chromosomes. 

Recently three other sex constitutions have been described: 

A so called super female with 3 X’s and 47 chromosomes by Jacobs, Baikie, 
Court-Brown, MacGregor, MacLean, and Harnden (1959), who is, in fact a hy- 
pofemale better defined by the term of ‘Triplo X.’ 

A case of hypofemale having one normal X and another one partially deleted 
was described by Jacobs, Harnden. Court-Brown, Goldstein, Close, MacGregor, 
MacLean, and Strong, 1960. 

And, finally, a curious constitution (explained only in terms of two abnormal 
segregations) of 48 chromosomes with XXXY, in two individuals showing both 
Klinefelter syndrome and primary amentia, by Ferguson-Smith, Johnston, and 
Handmaker, (1960). 

Table 1 shows a summary of the data concerning distributions thus far ob- 
served. 

The masculinizing action of the Y is evident and it is also obvious that an over- 
dosage of the X chromosome does not much increase the female characteristics 
and may even decrease them in certain combinations. 

Moreover, most of the abnormal combinations reduce the intelligence of the 
carrier, an old observation in Klinefelter and Turner syndromes, recently con- 
firmed in the Triplo X condition. 

For example, among 595 oligophrenic females, three cases were Triplo X as 
shown by Fraser, Campbell, McGillivray, Boyd, and Lennox (1960). 

The preceding conclusion on the masculinizing action of the Y chromosome 
has to be tempered by two other observations. 

First, the syndrome of testicular feminization shows a normal male XY karyo- 
type (Jacobs, Baikie, Court-Brown, Forrest, Roy, Stewart, and Lennox, 1959, 
and Lejeune, Turpin, and Gautier, 1960), and also some patients with primary 


TABLE 1. SEX CHROMOSOME KARYOTYPES THUS FAR REPORTED 


Karyotype Chromatine Phenotype 
44A ? unknown 
44A a O normal male 
44A XXY * sterile male) 
44A XXXY sterile malef 
444 O sterile female} TURNER 
XX Oo sterile female 
44A XX . normal female 


444 XXX normal female (?)} TRIPLO-X 
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gonadal dysgenesis with a female phenotype can have a male XY formula (Harn- 
den and Stewart, 1959 and Grouchy, Cottin, Lamy, Netter, Netter-Lambert, 
Trevoux and Delzant, 1960). 

Secondly, in true hermaphroditism (Hungerford, Donnelly, Nowell and Beck, 
1959; Harnden and Armstrong, 1959; and Lejeune, Turpin, and Gautier 1960) 
the female constitution XX allows the appearance of a testicle associated with 
an ovary or at least, the development of an ovotestis. The general morphology 
of these individuals is more male than female looking. 

Hence, exactly as in Drosophila, we are aware that the chromosomal constitu- 
tion (sex chromosome dosage) determines the phenotype, but that some mutant 
genes can entirely reverse the apparent sex of the carrier. 

It is to be noted that in many instances of intersexual syndromes the possibility 
of mosaics has been raised by various authors; XXY/XX by Ford, Polani, 
Briggs, and Bishop (1959); XX/X by Ford (1960); XY/XXY by Bergman, 
Reitalu, Nowakowski, and Lenz (1960); and XX/XXX by Jacobs, Harnden, 
Court-Brown, Goldstein, Close, MacGregor, MacLean, and Strong, (1960). 

The question of human mosaicism which was first raised by Ford, has been 
and is still the subject of some uncertainties. The fact that two or three types of 
cells are present in the growth from a single biopsy of bone marrow or even of 
skin, raises the possibility that the variegation is a continuous one. That is, the 
mosaicism would be due to an instability of the karyotype not to the imperfec- 
tions in experimental conditions. The other hypothesis, of a loss or gain of one 


chromosome during early embryonic development, would probably lead to 


topographical chimerism in preference to the mixed mosaics observed. 

Another point of consideration is the tissue from which the sample is taken, 
because a chromosomal variegation in blood or in bone marrow would seem much 
more likely than in ordinary connective tissue. 

I do not think that the question of the occurrence of mosaics can be solved at 
present, because the validity of a bimodal distribution curve of cell types in these 
cases can not yet be fully tested by statistical analysis of the currently available 
data. 


B. STRUCTURAL ABNORMALITIES 


The roughness of our present determination of individual chromosomes does 
not permit the detection of minor structural changes like: 

reciprocal translocations of essentially equal parts 
inversions 
and small deletions or duplications. 

Intrachromosomal inversions are evidently undetectable, and deletions or 
duplications have to be at least of the order of one per cent of the haploid length 
to be detectable. 

Non-reciprocal translocations are much more evident, especially if they occur 
between acrocentric chromosomes, a phenomenon generally and incorrectly 
called centromeric fusion. The fact that the six instances of translocations now 
published concern this type does not signify that the fusion of acrocentric chromo- 


s¢ 

a 

I 

b 

T 

a 

f 

¢ 

i 


CHROMOSOMAL ABERRATIONS 179 


somes is a preponderant accident; the other types would be extremely difficult to 
assess With certainty. The observed excess of one type of translocation may be 
more or less related to the present stage of our standards of detection. 

The first example of translocation was of Polydysspondylie (Turpin, Lejeune, 
Lafoureade, and Gautier, 1959). In this boy, with insufficient development of the 
body and borderline intelligence, multiple lesions of the vertebrae were observed. 
The karyotype was of 45 chromosomes with the absence of one of the small 
acrocentrics, probably 22. The abnormal presence of chromatic arms on a 13 
chromosome led to the conclusion that 22 had been translocated by centromeric 
fusion to the 13 chromosome. The condition could be related to a loss of genetic 
material during the elimination of one of the centromeres. 

This example of translocation remained isolated until the discovery by Polani, 
Briggs, Ford, Clarke, and Berg (1960), of the first abnormal mongol with 46 
chromosomes. 

The picture of the translocated chromosome, probably 21 ~ 14 was very simi- 
lar to that reported by Turpin et al. (1959), but this girl exhibited also two 21 
and two 22 chromosomes. Hence this exception confirmed the rule of trisomy, 
for the 21 was triplicate, two being free and one being translocated. 

The possible implication of this finding in explaining the very rare accumula- 
tion of mongolism in certain families was discussed by Lejeune (1960) and demon- 
strated separately by Penrose, Ellis and Delhanty (1960), on the one hand, and 
Carter, Hamerton, Polani, Gunalp and Weller (1960) on the other. 

In these two families the mongols are of the 46 chromosome type with a 21 ~ 
(13-15) translocation. The carrier mothers are of the 45 chromosome balanced 
type due to the translocation which was followed for 3 generations. 

The mechanism of production of mongols is obvious in these cases. A mother 
carrying the translocation can give rise to balanced or unbalanced gametes 
depending on the fact that the free 21 may migrate or not to the same pole as the 
translocated one. 

Other types of 46 chromosome mongols have been reported; one resulting from 
a 21-21 translocation (Fraccaro, Kaijser and Lindsten, 1960) possibly trans- 
mitted through the father; another resulting probably from a 21—22 translocation 
(Penrose, Ellis, Delhanty, 1960). Another type of translocation probably involv- 
ing a part of the Y and of the 21 was found by Lejeune, Turpin, and Gautier 
(1960) in a pseudo-hermaphrodite child with dextrocardia. 


Cc. COMPLEX ABNORMALITY 


Two instances of double abnormalities have been reported. 

One is related to a mongol exhibiting also the Klinefelter syndrome (Ford, 
Miller, Mittwoch, Penrose, Ridler and Shapiro, 1959) and showing both the 
XXY and 21 trisomy abnormalities. 

The other concerned an apparently typical Klinefelter (Lejeune, Turpin, and 
Decourt, 1960) having the classical XX Y type but showing only 46 chromosomes 
due to a translocation between chromosomes 14 and 15 resulting in a new big 


metacentric chromosome. 
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These observations are worthy of two remarks: 

First, the accumulation of abnormalities in the same gamete can be greater 
than expected by chance alone; 

Secondly, a first abnormality can be the cause of a second as, for example, in 
Drosophila, some autosomal inversions increase the probability of abnormal 
segregation of the X. 


SUMMARY 


This extremely brief survey of the present stage of cytogenetics gives us some 
indication of the future possible developments of this new field of human pathol- 
ogy. 

Three main goals are in view, but nobody can presently foresee when they will 
be reached. 

First, the desire of human geneticists to map the chromosomes of our species 
has been greatly enhanced by these new results. Unfortunately, the cytological 
map of human chromosomes is still remote; mainly because of the impossibility 
of detecting stable and recognizable structures in the chromosomes themselves; 
something like the banding pattern of the polytenic chromosomes of the salivary 
glands of diptaera. We have evidence in our laboratory that a structural differ- 
entiation can occur in human chromosomes in tissue cultures, but the conditions 
of production of this phenomenon are entirely unknown. These artificially pro- 
duced chromomeres might, if readily reproducible, have a tremendous impact on 
the rate of discovery of chromosomal rearrangements. 

Another use of chromosome studies was opened by Bender in 1958, in assessing 
the damages produced by X-raying human tissue cultures. Other work in this 
area is in progress in many laboratories (Tjio and Puck, Chu, and Fraccaro), and 
important results concerning the high sensitivity of human chromosomes to 
ionizing radiation have been obtained. 

It would be useful to test directly in the progeny of irradiated individuals if 
the frequency of abnormal segregation of chromosomes is increased by radiation 
exposure. A research program on this subject is now in progress in Paris to check 
if these accidents play a role in the decrease of the sex ratio in the progeny of 
irradiated mothers (Lejeune, 1959a). 

This use of chromosomal aberrations in radiation research is, so to speak, a 
by-product of the recent improvements of the techniques, and the last goal is to 
relate the chromosomal changes observed under the microscope to biochemical 
changes occurring in the cells or even in entire individuals. The available data on 
the biochemical defects of Turner or of Klinefelter patients are too scanty to 
form a picture of the genic content of the X, except for some sex-linked genes 
previously known, such as color blindness. Research in this field is particularly 
needed. 

In the case of the mongolian trisomy, some observations have been made in our 
laboratory (Jéréme, Lejeune, and Turpin, 1960) which could possibly throw 
some light on the gene content of chromosome 21. 

Without going into too much biochemical detail it can be briefly stated, that 
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before or after tryptophan loading, the mongolians differ from the normals by a 
low excretion of 5-hydroxy-indoleacetic acid, indol acetic acid, and xanthuneric 
acid; the excretion of kynurenine showed no significant change in the investi- 
gations. 

Those observations, consistantly made on 15 mongols and 16 controls, lead to 
the hypothesis that mongols suffer from a disturbance of the tryptophan metabo- 
lism and, curiously enough, are probably affected by a low serotonin content of 
the brain, like phenylketonurics (Pare, Sandler, and Stacey, 1957 

The mechanism actually envisaged to explain these data is an acceleration of 
the normal pathway through kynurenine and 3 OH-kynurenine toward products 
of the type of anthranilic acid and others. 

If this metabolic hypothesis is confirmed, the action of the trisomy could be 
explained in the following way: the genic overdosage produces an over concen- 
tration of specific enzymes (here, those concerned in the kynurenine pathway) ; 
so, there is an acceleration of some normal reactions, and conversely a deprivation 
of other chains, due to the exaggerated turnover in one direction. 

Evidently these views, at present purely theoretical, would lead to various 
conclusions—first, the localization on the 21 chromosome of some genes control- 
ling the production of the enzymes involved, secondly, a possibility of chemical 
correction of the defect. 

It is entirely possible that considering the probably large number of genes 
located in chromosome 21, the biochemical features discussed above are only a 
part of the effect of the mongolian trisomy, but they give us a first indication that 
a link between biochemistry and human cytogenetics is possible even in the very 
early stage of our present knowledge. 
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Biochemical Genetics 


W. EUGENE KNOX 


Department of Biological Chemistry, Harvard Medical School and the New England 
Deaconess Hospital, Boston 15, Massachusetts 


Iv IS BECOMING CLEAR that biochemical genetics soon must attempt to translate 
into molecular chemical terms most of the phenomena of classical genetics. These 
phenomena have to do with the storage and transmission of information in bio- 
logical systems. This information is usually attributed to the gene, whose nature 
Dr. Demerec has so elegantly defined in biological terms. We now know that the 
gene is made of DNA. The chemical properties of the DNA molecule are rela- 
tively simple. They could not possibly account for certain kinds of information 
that are often attributed to the gene in a living organism. We must therefore 
distinguish two sorts of chemical information underlying genetic phenomena: that 
which the particular chemical gene has and that which the organism has. The 
latter may ultimately come from other genes in the genotype, modified by the 
environment of the organism. It is superimposed on the information of the chemi- 
cal gene through the molecular interactions of this gene with its local chemical 
environment. For this reason I have called the first type of information on the 
DNA hereditary, and the second type environmental. Though both always coexist 
and interact in a living cell, extreme examples can be chosen to reveal the pre- 
dominant effects of first one and later the other kind of information. Through the 
interaction of the two kinds we can attempt to construct a chemical model of 
gene action in a living cell. 


THE HEREDITARY INFORMATION 


Only a very limited sort of information can be incorporated into the structure 
of DNA. There is room only for a unidimensional pattern or sequence marked 
along the helices by the order of the four nucleotide bases. Chemists believe this 
would be adequate to encode the few messages which have been deciphered. 
The most popular supposition is a language composed of only about twenty 
words, each word represented by a sequence of three bases in a particular order. 
Other possible words would need punctuation between them to prevent over- 
lapping interpretations so these were eliminated. Punctuation would not easily 
fit into the structure of a periodic molecule. But the vocabulary of twenty words 
is adequate since each stands for one of the twenty amino acids which when 
arranged in endless combinations make up all proteins. 

The structure of DNA will permit the limited information it contains to be held 
very securely. Unusual chemical stability is a most essential characteristic of the 
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gene. The cumulative strength of the hydrogen bonding between the bases can 
account for this degree of stability. But this explanation will prohibit qualitative 
alterations of the DNA and its coding in different environments. This is an addi- 
tional reason why the environment must contribute any new information used to 
modify gene action during differentiation, for example. 

The hereditary information on the gene is known only indirectly from a few 
imprints of it on the human hemoglobins. Several gene mutations are known to 
introduce changes of single amino acids in the primary (linear) structure of the 
protein. Because hemoglobin is such a familiar and well-studied substance these 
few observations have been well exploited and correlated with the clinical diseases 
produced by the same mutations. The knowledge of the step-wise causal sequence 
from the altered amino acid in the molecule to the signs and symptoms of disease 
has given rise to the designation of ‘‘molecular disease’ for such conditions, 
Sickle cell anemia was the first to be understood so thoroughly and will serve as 
the example of the chemical basis of a genetic character. 

The molecules of hemoglobin are very large and remarkably uniform. Fortu- 
nately, they have a simple ground plan. They are made up of four polypeptide 
strings of amino acids, each about 150 amino acids long. The order of twenty 
different amino acids along these strings is the primary structure of the polypep- 
tide and it is this order which is determined by the order of the three base “‘words” 
along the DNA helix. Each polypeptide chain twists upon itself like the wire in a 
screen door spring to form a worm-like a-helix. This is called the secondary 
structure. The four polypeptide chains in hemoglobin A are of two kinds, called 
a- and 6-. These two kinds of worm-like structures are then tangled together in a 
highly reproducible manner to form the tertiary structure of the completed three- 
dimensional molecules. Designated by its component chains, the molecule is 
written a2% for hemoglobin A. Onto this molecule at precise places are stuck the 
four heme- groups which interact with oxygen. It should be noted that a given 
sequence of bases in DNA determines only the sequence of amino acids. It is still 
a moot point whether the particular sequence of amino acids can determine chem- 
ically the secondary and tertiary structures with sufficient precision, or whether 
additional information from the environment is also necessary to form the finished 
molecule. 

The first hereditary structural alteration of hemoglobin was found in the §- 
chain in sickle cell anemia hemoglobin (Hemoglobin S). In hemoglobin A mole- 
cules the sixth amino acid in the 8-chain is glutamic:acid. In the hemoglobin $ 
molecule the sixth amino acid of the 6-chain is valine. Except for this difference 
at the sixth position in the 6-chain, the molecules appear to be identical. To 
indicate such differences superscripts are used to indicate the kind of chains. 
Hemoglobin A then becomes a2“6.“ and the sickle cell hemoglobin § is ao*@,.°. 
The heterozygous individual who has both the normal and abnormal kind of gene 
also has both the normal and abnormal kinds of hemoglobin molecules (as*.* 
and as“@.“). Note that he does not have hybrid molecules with one normal and 
one abnormal type of 6-chain (a2*848%). For this reason it appears that the allelic 
genes on homologous chromosomes function independently. Other genes allelic 
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to the sickle cell gene, like that for hemoglobin C, also produce a different amino 
acid substitution in the 8-chain. The non-allelic gene for hemoglobin I causes a 
change in the a-chain. In each instance the one to one correspondence between 
gene and protein indicates that the component polypeptide chains of the hemo- 
globin molecule are the gene products. At present the 8-polypeptide chain would 
appear to be the primary product of the sickle cell gene, and the a-chain the 
product of the hemoglobin I gene, though still earlier gene products of evanescent 
existence, such as RNA templates, are also possible (Genetics, 1960). 

The sickle cell gene is usually recognized by the clinical feature it produces. A 
single abnormal gene produces red cells which can be made to sickle without 
serious pathological consequences (sickle cell trait). A double dose of this gene 
produces red cells which sickle readily during life, causing thromboses, infarcts, 
and massive hemolysis (sickle cell anemia). If the substitution of valine for glu- 
tamic acid is the whole action of the gene, this chemical change must also produce 
the clinical features by which the sickle cell gene is recognized. The substitution 
of valine for glutamic acid does not seriously disturb the main function of hemo- 
globin, which is to combine reversibly with oxygen to carry it from the lungs to 
the tissues. But the change does lower the solubility of the deoxygenated hemo- 
globin very markedly. The explanation for this lowered solubility may be quite 
simple. The isoelectric point (pH of least solubility) of deoxygenated hemoglobin 
A (pH 6.8) is perilously close to the pH of the red cell (pH 7.25). With loss of the 
two acidic carboxy! groups of glutamic acid per molecule when valine is substi- 
tuted, the pH of least solubility of hemoglobin S must rise and approach even 
closer to its environmental pH inside the red cell. Red cells with a full complement 
of the poorly soluble hemoglobin will then continually be faced with the hazard 
of crystallization whenever its hemoglobin is deoxygenated. When the hemo- 
globin S begins to crystallize, the shape of the red cell will be distorted from its 
usual smooth oblateness to the jagged sickle forms by the projecting crystals 
from within. The viscosity of the blood as a fluid will rise rapidly and the cir- 
culation will slow. Anoxia of the part will develop and still more deoxygenated 
hemoglobin will accumulate to crystallize. By such positive feedback a vicious 
cycle develops to produce the typical crises of sickle cell anemia. The end results 
are painful infarcts of the region where the circulation is cut off and massive 
hemolysis of the red cells enmeshed in the thrombus. Similar events on a micro- 
scopic scale occur throughout the life of the individual, and explain the persistent 
hemolysis, the subtle damage to the kidney (hyposthenuria), and the minute 
injuries which produce the characteristic alteration of skull bone structure. 

We are lacking only the detailed chemical analyses to identify a change in 
amino acid sequence as the basis for very many other hereditary alterations of 
protein function. The conditions studied since Garrod’s time in man and lower 
animals established that many gene mutations altered the function of specific 
enzyme proteins, but did not tell what happened chemically to the protein. This 
body of information is perfectly compatible with the possibility that each of these 
protein functions was altered by the introduction of an error into the proteins’ 
amino acid sequence. Further study may reveal that this large group of diseases 
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includes two general kinds of effects: 1) formation of an altered protein like hemo- 
globin S with any gradation of function between zero and the normal level; or 2) 
complete failure to form the protein, perhaps because the error introduced a 
nonsense word (one not in the twenty word dictionary of the gene). Accepting for 
the present that genetically altered protein structure can cause enzyme absence 
or inactivity, the consequences of the functional derangements can be extended 
through a “pedigree of causes’ to the clinical signs and symptoms for very many 
human diseases in the same manner as was illustrated for sickle cell anemia, 
Detailed and authoritative reviews of these interesting diseases have recently 
become available so that the parallelisms they offer with sickle cell anemia can 
be judged (Harris, 1959; Stanbury, Wyngaarden & Fredrickson, 1960). 

Some other changed amino acid sequences in proteins have been identified. 
These can be cited in support of the nature of hereditary information, although 
the nature of the differences cannot be verified genetically. The complete sequence 
of 50 amino acids in insulins from several species are known. They correspond in 
detail except for a segment on the A-chain between the eight and tenth positions, 
which has a variable sequence in different species: 


Beef: -ala-ser-val- 
Sheep: -ala-gly-val- 
Horse: -thr-gly-ileu- 
Whale: -thr-ser-ileu- 
Pig: -thr-ser-ileu- 


These are exactly the kinds of differences found between the genetically deter- 
mined abnormal hemoglobins within a species. Possibly, they represent point 
mutations on the insulin gene that occurred in the remote past and are now 
species specific. Since we believe that speciation occurred through mutation and 
selection, these differences may represent a record of genetic evolution preserved 
in the structure of protein molecules. 

The hereditary kind of information that can be carried by DNA is limited 
though very precise. It is merely a pattern. The individual receiving such mutated 
information differs throughout life in a qualitative way from the usual. Only 
exceptional genetic characters show such an inevitable result, with full penetrance 
throughout life. 


THE ENVIRONMENTAL INFORMATION 


Many of the differences between individuals are quantitative and not qualita- 
tive. These differences pose most of the unsolved problems of genetics. They 
encompass the purely quantitative characters like height or intelligence, as well 
as more complex differences like the length of normal life spent before an ab- 
normality develops in Huntington’s chorea, or gout, or before there is a defect in 
embryological life. The qualitative information that is inherited is a structural 
pattern and has an all or nothing quality about it. Differences in the amount of a 
normal protein, or in the timing of its appearance cannot be coded into the same 
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DNA that carries the pattern. Such information may come ultimately from other 
genes, as the influences of different genetic backgrounds on specific genes have 
shown, or from the environment as a whole, as the production of phenocopies has 
proved. But the immediate transfer of information occurs at the interaction of 
the DNA molecule with other molecules in its environment, whether these others 
come from within or without the organism. It is in this sense that the second 
information source is called environmental. 

The hemoglobins also provide an example of the interaction of environmental 
information with hereditary information to determine the nature of a protein in 
an individual. During fetal life and the first postnatal year, the hemoglobin in red 
cells is the chemically distinct type called hemoglobin F, with the chain structure 
ayo". There are chemical differences between this new y-polypeptide and the 
8-type of adult hemoglobin, as well as genetic differences. The genetic abnormal- 
ities found in the 6-chain do not occur in the y-chain. A different and non-allelic 
gene from 8 must therefore control the synthesis of the y-chain. 

The usual hereditary information available for hemoglobin synthesis in an 
individual therefore consists of the three pairs of a, 8 and y genes. During fetal 
life the information is read from genes a and y to form the gene products azye2, or 
hemoglobin I’. After birth some sort of signal alters the reading, suppressing the 
information from the y-gene and introducing that from the 6-gene, resulting in 
the formation of the gene product, a232, or hemoglobin A. The y-gene persists in 
a functional form, however, as demonstrated by the reappearance of hemoglobin 
F in certain adults with inadequate hemoglobin supply. 

The environmental information thus turns on and off the functions of the 
various genes, and so modifies quantitatively in amount and timing the products 
of the genes. The words induction and repression are commonly used for turning 
gene function on and off, respectively. We know that chemical compounds found 
in the cellular environment can do this, but the chemical mechanisms involved 
are completely unknown. The effective compounds turn out to be most of the 
intermediate metabolites formed in great number and variety in the cell. These 
occur in the variable quantities that are easily commensurate with the job of 
modulating the actions of the different genes through a complex feedback net- 
work. Our knowledge of this information net is still primitive since it concerns 
at any one time only a few factors in a milieu where many are acting. 

One of the earliest examples to be recognized was the modification of the 
amount of liver tryptophan pyrrolase by the concentration of tryptophan present. 
This is an understandable control mechanism since the controlling factor is that 
substance to be acted upon by the controlled enzyme. An injection of excess 
tryptophan led in five hours to the formation of ten times the usual amount of 
enzyme made in the unchanged hereditary pattern. After the excess tryptophan 
was metabolized the extra enzyme disappeared. Many instances are now known of 
such substrate-induced enzyme syntheses. 

The quantitatively opposite effect is product repression of enzyme synthesis. 
An example is the discovery that control of creatine formation occurs by the 
negative feedback from the blood creatine level. The blood level represses the 
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synthesis of arginine-glycine transamidinase which catalyzes an early step in 
creatine synthesis. 

An additional category of chemical agents used by multicellular animals for 
regulation are the hormones. These have similar effects on gene actions as do 
substrates and products, and there is no reason to believe that chemically differ- 
ent principles are involved, despite the mystique that enshrouds the science of 
endocrinology. Hydrocortisone increases not only the amount of tryptophan 
pyrrolase, but also the amounts of other enzymes which degrade other amino 
acids. In this instance the hormone appears to play the role of integrating several 
genes whose ultimate functions are to dispose of all the amino acids from extra 
protein. Between these two methods of induction and repression it is theoretically 
possible to initiate gene action and to limit the action to the amounts of product 
needed by the organism (Knox, 1961). 

It is from this kind of information that one of the most serious problems in 
genetics and biology must be solved. The explanation for the orderly differentia- 
tion of the tissues in the many-celled animals must depend upon an orderly 
initiation of the actions of different genes at different times and in different parts 
of the organism. The action in fetal life of the y-chain gene to form hemoglobin 
F, succeeded by the action ofthe 6-chain gene to form hemoglobin A is an example 
of this orderly action of different genes. The chemical nature of the signal is 
unknown. The tryptophan pyrrolase also appears in rabbit liver for the first 
time immediately after birth. Unfortunately, the levels of free tryptophan and of 
hydrocortisone which can modulate the action of the gene for tryptophan pyr- 
rolase during adult life do not appear to be the critical signals that initiate the 
gene’s first action at birth. 

The above dilemma has been met with an additional postulate which has some 
experimental basis. The cell must be in a particular metabolic state before a 
gene can respond to its usual signal. In genetic terms this means that a certain 
pattern of other genes must have already acted. In biochemical terms this means 
that a particular chemical milieu has been achieved. In embryology the required 
state is called competence. Plausibly such differences in metabolic state could 
explain why kidney cells never form tryptophan pyrrolase and why white blood 
cells never form hemoglobin A. The problem cannot yet be stated clearly in terms 
of the information supplied by the chemical environment of the gene, because 
this information consists of the interdependent amounts of all the substrates, 
products and hormones resulting from previous actions of other genes. 

At present we are restricted to experiments in which the amounts of only one 
or a few of these compounds can be controlled. The results match the expected 
behavior of a complex chemical feedback system: no single component of the 
environment carries all the information of the system. 


GENE ACTION 


This summary of gene action in a living organism in terms of the chemical 
information available to the system has reemphasized two separate forces that 
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have long been recognized to affect the nature of an individual, heredity and 
environment. The novel possibility is that each of these forces can now be con- 
sidered in chemical terms. They act together to control the products of the gene. 

The hereditary information is an extremely rigid pattern in the chemical struc- 
ture of DNA which tells exactly what the structure of a functional protein is to 
be. It is a qualitative type of information. It is a necessary but not sufficient kind 
of information to actually make the protein. 

The chemical environment within the cell supplies the sufficient information 
that the protein shall actually be made, when it is to be made and how much is 
to be made. This is a quantitative type of information. It is embedded in the 
chemical feedback system of interdependent amounts of substrates, products, 
hormones and gene products that make up a chemist’s version of the organism. 
This information can of course be modified within limits by fluctuations in the 
macro environment of the organism. The few examples of this kind of information 
which have been isolated experimentally consist merely of the concentrations of 
particular metabolites. An excess of substrate signals for more gene-patterned 
enzyme to remove it, an excess of product signals for less enzyme to be made. 

Examples of gene action can be found which result predominantly from one of 
these information sources. The classical inborn errors of metabolism represent 
almost purely errors in the hereditary information. The gene product is absent 
or nonfunctional, and the clinical signs and symptoms result directly from this 
functional defect with a minimum of side-effects. The simplest examples amount 
only to accumulation of substrate or deficiency of product of an enzyme reaction. 
Alkaptonuria and albinism are such diseases of accumulation and deficiency, 
respectively. 

Rarely are the gene effects simply diseases of omission. Any alteration in the 
function of a gene product will alter the chemical milieu of the cell. Since this 
milieu is the information that controls the quantitative expressions of other 
genes, there will almost inevitably occur quantitative changes in other gene prod- 
ucts. The adrenogenital syndrome will illustrate this. An enzyme catalyzing a 
step in cortisone production is hereditarily defective. The resultant deficiency 
of this hormone modifies the amounts of other gene products, in the pituitary, 
adrenals and gonads. Excess enzymes in these glands develop and produce a glut 
of hormones whose cumulative effect on the individual is far more serious than 
the original deficiency would have been. 

Many investigations are now underway to identify the chemical bases of par- 
ticular genetic diseases. Some are certain to identify the environmental as well as 
the hereditary chemical changes. It can be predicted that altered activities of not 
one but many enzymes will be discovered in each disease. Each of these changes 
will contribute to the picture of the total gene effect. But only one of them will 
represent the primary product of the mutated gene and be the cause of the other 
enzyme changes. According to our present views of biochemical genetics, the 
primary product of the mutated gene will be qualitatively altered in structure, 
while the others will be qualitatively normal but changed in quantity. 
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KNOX 


SUMMARY 


The living organism participates in the action of a gene by controlling through 
chemical feedback the quantity of gene product. The DNA of the gene provides 
the rigid qualitative pattern of the product. The gene is necessary but not suffi- 
cient to make the product. These two sources of information, called here environ- 
ment and heredity, participate equally in the chemical mechanisms by which the 
biological effects of genes are produced. 
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